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CHonvi \s\MLMi!inoi nn miamiv it, comi'IIa 

Ilrl'MI r\0!'l.\ M t> rOIDIIUTT 'IP 

{Fr n t^r t hfl imi C^hti-irr^} jt, /A' tr\ itulr ef * p crj thf lUf^rlr‘rrJi 

rj Pt^t fj t Pi^A ' ft tt SftitctPtt tl ft 'Tfi I fjrr't Vtti trjily^ Clf'tUnP} 

t LATTA I AND 2 

(RrcrucI (or p-jUicjtloT Apnt ), IHO) 

llic Mpcnmcntal nlions u!ctl in the Atu<t) of the \itMnin It, rmmplcx 
CAIKnillx of \ itnmin It, nnif itA rrlntcd ficlors, nrc, n' n rule. /ov\ in content 
of rliolirc Till' ii hIao true of the biA.iI diet defincnl in iitimm It, which 
one of 111 (1) liu rmp!n)cd dunnp the hit «cicn jTir' in the production of 
rat ncrodnin ItconM'I'of IS pirtsof ciAtin, (kS of tiicro'cor nee itirdi, 
R of melted butter fit ) of pill mixture, 2 of rod liver oil, nnd iv 'tipple 
mented with thiamine nnd nlwflmn lliis diet is dtfiaent in choline, hut, 
until reccntlj , no pitholofncil ehinpca atlnbiilnblc to this defect hi\ t been 
rinropnired in nmmil' fed llii' mixture On the whole, the ration nppeircd 
to Acnc It' purpose without Bn> visible interference due to the absence of 
choline 

Olcson, Bird, I Ivchjcm nnd Hirt (2) have Intel) reported the results of 
experiments in which choline (dOO to 500 mg per ) do) wts added to the 
basal diet used for llic studies of the v itamin I!, complex, but these authors 
did not mention the reason for this prccauliomr) meisurc 

llic cxpcnmcntil data prcscnterl here not onlv sulistanliatc the need for 
the mcorjxiralion of choline iii a s) nthctie ration for rats used in the stud) 
of the vitamin B, complex but the) also support the important intcrrcli 
lionship Intwccn content of choline nnd the rntfo C)stmc/incthiomnc in 
the diet Du Vigneaud, Chandler, Mo)ir nnd Krppcl (1) have called 
attention to the close relationship of choline nnd methionine metabolism 
At aliout the 'amc time nnd independent!), Cnffitli nnd Wade (4) have 
pointed out the importance of the ratio c)'stinc/methionme together wath a 
low cliolinc content m Uic diet 

KxrrRnrrNTS 

Our first observ ations pertaining to the recognition of choline as a member 
of the vitamin B, complex were pure!) accidental Wth the isolation and, 
later, wath the synthesis of vitamin B, it became possible to go one step 

1 
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CaiOLINE AS MEMBER OF VITAMIN B2 COMPLEX 


further in the systematic analysis of the vitamin complex, namely, to 
incorporate crystalhne vitamin Bern the diet which heretofore had contained 
only thiamme and riboflavin as the constituents of the vitamin B complex 

From the time that vitamin Be, as the third factor of the vitamin B com- 
plex, was added, in doses of 10 to 100 micrograms daily, to the diet of rats 
that had just been weaned and that weighed 20 to 35 gm , a growmg number 
of fatahties was noted between the 11th and 15th days of the experiment 
Death was preceded by failure to gam weight or even by decline of weight, 
but by no other visible signs of a specific disease 

Gross Exaimnatton 

At autopsy, in the gross, the most obvious abnormalities were observed 
in the kidneys and liver In most animals that died before the 15th day, 
both kidneys were large, with a purplish red surface color, apparently due 
to mtracapsular and subcapsular hemorrhage On section, the cortex was 
diffusely dark red, or there were alternating patches of dark red and yellow 
throughout the cortex, in contrast to the gra 3 ash yellow color of the medulla 
The color of the surface and of the cross sections of the liver was, as a 
rule, a umformly hght yellow, suggesting a high content of fat 

Mtcroscoptc Exaimnatwn 

Microscopically, the kidney showed a striking picture which vaned in both type and 
degree (See Fig 1 ) Between the fibers of connective tissue in the capsule and also 
beneath the capsule, there was a vanable amount of recently extravasated blood The 
most pronounced lesion of the parenchyma consisted of almost complete necrosis of the 
tubules of the cortex, without destruction of the architecture In most kidneys the 
outline of the tubules was still recognizable In the neighborhood of the necrotic 
tubules there was a vanable amount of infiltration with polymorphonuclear leucocytes 
This type of exudation was never great and was absent or only very slight m many of 
the kidneys Withm the lumen of some of the convoluted tubules, especially the distal 
ones, and withm the loops of Henle, as well as in some of the collecting tubules, there 
was a vanable amount of homogeneous, acidophihc matenal in the form of casts of the 
lumen Even m those kidneys in which the cortex showed the greatest pathological 
change, some of the collecting tubules showed only this hyalme acidophilic matenal m 
the lumen, their fining epithelium showed no microscopic abnormahty A striking 
feature of the diffuse necrosis of the cortex was the mtense hyperemia of the mterstitial 
tissue between the tubules and surroundmg the glomeruh The hyperemia was so 
mtense m the cortex of some of the kidneys that it had the appearance of hemorrhage, 
and imparted the dark red color to the tissue observed m the gross Definitely recog- 
nizable extravasation of blood was unusual, however, except at the extreme penphery 
of the cortex of some kidneys m which the blood appeared to have infiltrated mto the 
cortical twsue from the subcapsular hemorrhage and did not seem to have onginated 
from capillanes withm the cortex itself Hemorrhage in the capsular space around 
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the glomerular tufts or wthm the tubules of cither cortex or medulla ^vas not observed 
In some of the kidnc>’S m which the cortex was practically completely necrotic, glomeruli 
showed some degcncraU%e change characterized mainl> by swelling of the cjtoplasm 
of the surface epithelium A few of the glomeruli were intensd> h>pcremic, but there 
was no actual necrosis of the glomeruli, and there was no sign of inflammation There 
were no recognizable pathological changes in the wull of the blood vessels either large or 
small, and m none of these w as premortem thrombosis observed In some of the kidneys 
there was diffuse necrosis of the cortex without h>T)ercmia, but wnth hemorrhage into 
and under the renal capsule In other kidneys there were patches of cortical necrosis, 
with or without h>T)eremia, alternating with patches of hydropic degeneration and 
cloudj swelling In such kidne>'s also a \anablc number of the tubules, especially those 
in the region at the junction of cortex and medulla, contamed hyaline material m the 
lumen Several kidnci*s showed marked diffu*^ h>dropic degeneration of most tubules 
m the cortex with only a rclatudj small number of necrotic ones interspersed among 
them and with h>'pcremia of the interstitial tissue 

Microscopic examination of the liver showed the typical picture of marked diffuse fat 
infiltration (sec Fig 2) the cytoplasm of almost all the cells m the lobules being occupied 
by one vacuole or b> a few large vacuoles Occnsionall) a liver showed only a patchy 
lobular distribution of the fat or a moderate diffuse deposit limited to the penphery of the 
lobules 

Of 175 rats fed, from the first day after they were weaned, the experimental diet 
supplemented not only with thiamine and riboflavin (20 microgiams daily of each) but 
also with vitamin Be in an amount varjingfrom 10 to 100 miaograms daily, 17 died 
between the llth and 15th experimental da>s 2 of these rats died on the 11th, 3 on 
the 12th, 3 on the 13th, 7 on the Hth and 2 on the 15tb day At autopsy, all showed 
t>'pical capsular hemorrhage and cortical necrosis of the kidneys The livers were 
light jellow and large in the gross 

Of this group of 175 rats, 5 more died in the further course of the expenment Rat 
32-00 died on the 17th day, rat 30-25 on the 23rd, rat 45 27 on the 24th day of the ex 
penment rat 26-13 after 4 weeks, and finally, rat 30-76 after 11 weeks In the gross, 
these kidne>'S were characterized by inegular yellow patches with occasionally, small 
foci of hemorrhage under the renal capsule In several of the kidneys the surface was 
roughly nodular and the kidney almost mvanably was smaller than natural Micro- 
scopically (see Fig 3) there was a small amount of blood pigment withm the capsule of 
some of the kidneys but there was little or no recently extravasated blood within or 
under the capsule, and many kidneys showed no sign of previous hemorrhage withm or 
beneath the capsule Most of the kidneys showed considerable shnnkage of the cortex, 
so that glomeruli, which are not naturally present immediately beneath the capsule 
were closely crowded together in the penphery of the shrunken cortex, many imme 
diately beneath the capsule There appeared to be no reduction in the number of 
glomeruli but many of them were smaller than natural There was little hyperemia m 
any portion of the kidney In a few small foci in the cortex of some of the kidneys 
occasional tubules mamly proximal convoluted tubules showed remnants of necrotic 
Immg epithelium In the cortex of some of the most atrophic kidneys there was at 
least a relative mcrease of interstitial fibrous connective tissue In the capsule of a 
few kidneys there was slight mfiltration by lymphocytes In. the mtermediate zone be- 
tween cortex and medulla, a number of the tubules, mainly distal convoluted tubules 
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distinct signs of progressive recovery and healing These rats often ex- 
hibited symptoms of sickness, such as anorexia and loss in weight, but 
they were definitely improving before they were kiUed These observations 
are in accord with those of Cox, Smythe and Fishback (7), who also de- 
scribed recovery m rats receiving a diet high m content of cystine without 
any change m the experimental ration 
The effect of adrmnistration of 2 mg of choline daily was uniform m all 
rats, whether they received cystine or not With the exception of one rat 


TABLE I 


Group 

Supplement to basal diet 

No 

of 

rats 

No of 
rats 
that 
died 
before 
16th 
eiperi 
mental 
day 

No of 
rats 
killed 
on 16th 
day 

No of rats 
with renal 
lesions 

No of rats with fat infiltration 
of liver 




Sub 

acute 

++++ 

+++ 


+ 

1 

1 

Thiamme and nbo- 
flavm 

21 

0 

21 

0 

1 

12 

■ 

3 

0 

1 

2 

Thiamine, nboflavm 
and cystme 

14 

4 

10 

s 

5 

12 

B 

1 

0 

0 

3 

Thiamine, nboflavm, 
cystme and chohne 

14 

0 

14 

0 

1 

8 

0 

1 

4 

1 

4 

Thiamme, nboflavm 
and vitamm 

32 

2 

30 

1 

5 

5 

27 

1 

1 

2 

0 

B 

5 

Thiamme, nboflavm, 
vitamm Be and cho- 
hne 

18 

0 

18 

0 

0 

3 

3 

3 

5 


6 

Thiamme, nboflavm, 
vitamm Be and cys- 
tme 

19 

5 

14 

8 

6 

15 

1 

0 

1 


7 

Thiamme, nboflavm, 
vitamm Be, chohne 
and cystme 

17 

0 

17 

0 

0 

5 

5 

4 

2 

1 


* Liver of one other rat was not examined 


in group 2 which showed subacute changes, the renal lesions did not develop 
in these animals That vitamin Bs has a definitely provocative effect on the 
production of the specific renal lesions again becomes manifest in comparison 
of groups 1 and 4 in Table I 

It has been mentioned that m addition to the renal lesions, fat infiltration 
of the liver was a regular finding in all the groups that did not receive 
choline Chohne in the dosage used (2 mg daily) had a slightly or, in 
group 5, a definitely hpotropic effect, with the result that the histologically 
demonstrable fat infiltration was distinctly decreased or absent Here 
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again the results are m favor of the assumption of a deficiency of choline in 
rats kept on basal rations commonly used in the study of the vitamin Bj 
complex GnfTith and Wade (4) have shown that whereas 0 4 mg of choline 
per gm of diet regularly prevents renal lesions, the fat infiltration of the 
Iner can be prevented or cured only by higher doses (2 mg of choline per 
gm of the experimental diet) 

Apart from the renal lesions and fat infiltration of tlie liver, of the group 
of young rats fed the basal diet supplemented by thiamine, riboflaain and 
vitamin B(, in 4 rats there dc\ eloped severe flaccid paralysis of the hind 
legs, such as has been desenbed by Sure (9) and attributed by this author 
to deficiency of choline In the group of rats tliat received choline, no 
similar neurological manifestations were encountered 

The addition of 2 mg of choline daily had no appreciable preventive 
effect cither on suprarenal hemorrhage or on panmyelophthisis (10) in rats 
fed a diet defiaent in vitamin B« > Furthermore, in onlj 2 rats was hemor- 
rhagic necrosis of the suprarenal glands found associated with cortical 
necrosis of the kidneys, while patchy or diffuse necrosis of the liver (11) 
was not obserx cd in any of the animals with cortical necrosis of the kidneys 

DISCUSSION 

In rats kept on a diet containing 18 per cent of casein, 8 per cent of 
melted butter fat, 68 per cent of sucrose, 4 per cent of salt mexture and 2 
per cent of cod liver oil, with a daily supplement of 20 micrograms each of 
thiammc and riboflavin, the only lesion which could be attributed to 
defiaency of choline was, as a rule, fat infiltration of the liver The addi 
tion of Mtamin Bi (10 to 100 micrograms daily) was followed in about IS 
per cent of the experimental rats by necrosis of the renal cortex, witli other 
characteristic histological findings 

The data presented in this communication serve to illustrate the im 
portance of choline as a potential member of the vitamin Bi complex 
and the aggravating influence of vitamin B« on the specific effect of choline 
deficiency on the kidney Inasmucli as recently the determining factor 
for the need of choline has been found (4) in the ratio cystme/methionine 

* In a more recent senes of 169 rats fed the diet deficient m vitamin Bo with the 
addition of larger amounts of choline (2 mg of chohne per gm of diet) incidence of 
hemorrhage in the suprarenal glands panmyelophthisis and hepatic injury reraamed 
practically imchanged 

* That chohne may well be considered a member of the vitarmn B complex has also 
been asserted by King (12 page 389) and by du Vigneaud, Chandler Moyer and Kep 
pel (3, page 75) 
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in the diet, the present expenments show that this quotient is by no means 
a fixed figure, but may be profoundly influenced by other conditions, such 
as content of vitamin Be in the diet Griffith (13) found similar relation- 
ships to the absolute amount of cystine and methionine in the ration and 
to the nature of the fat added to the diet m the form of lard or cholesterol 
As to the character of the pathological changes in the kidney and the 
liver, it can be stated that they are identical with those caused by cystine 
intoxication (6, 7) In earlier and even in more recent investigations the 
renal lesions were produced by a diet containing casein, to which cystine 
was added, or by a diet containing proteins particularly nch in cystine, such 
as edestin or fibrin In view of the fact that identical lesions develop in 
rats on a simple casein diet containing vitamin Be but without added 
cystine, these older studies now appear in a new light and need thorough 
reconsideration also from the point of view of practical imphcations 
The possible identity of the renal lesions in rats with bilateral symmetrical 
cortical necrosis of the kidneys which occurs m human beings, frequently 
in the pregnant female, should be mentioned The nature and distribution 
of the cortical necrosis and the almost invariable bilateral mvolvement 
of the kidneys are suggestive of a similanty of the two conditions There is, 
however, at least one definite and sigmficant difference between the micro- 
scopic pictures of the two Vascular thrombosis, which has been described 
in the human kidneys, and to which pathogenetic significance has been 
ascnbed (14), was not observed in the kidneys of the animals The patho- 
genesis of the renal lesions in the animals must therefore be attributed to 
a nephrotoxic effect acting directly on the parenchyma, and not to ischemia 
brought about by vascular thrombosis Since thrombosis is not always 
found even in the human kidneys, and since it is sometimes not widely 
distributed in these kidneys, there remains the possibihty that bilateral 
symmetrical cortical necrosis m human beings is also due to a nephrotoxic 
effect, with or without angiospasm, determined by a dietary deficiency, and 
that the thrombosis, as has been suggested by Ash (IS), is only a terminal 
event that plays no primary part in the pathogenesis of the renal lesions 

SUMMARY 

The experimental rations commonly used m studies on the vitamm Ba 
complex are, as a rule, low m content of choline 

Addition of vitarmn Be has an aggravatmg influence on the specific effect 
of deficiency of chohne, especially with regard to the development of cortical 
necrosis of the kidneys 

The acute and subacute lesions assoaated with this specific tjqie of renal 
mjury are descnbed 
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The renal lesions and fat infiltration of the liver, observed in rats kept on 
a vitamin B free diet, supplemented with thiamine, riboflavin and vitamin 
Bj, arc indistinguishable from those attnbuted hitherto to cystine in- 
tovication 

Attention is drawn to the r61e of choline as a potential member of the 
\itamin Bj complex and, in this connection, to the importance of the ratio 
cjstme/metliionine in the diet 
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CHOLINE AS MEMHER OE VITAMIN Bj COMPLEX 


EXPLANATION OF PLATES 
Plate 1 

Fig 1 Rat 33-40 Fed diet deficient m vitamin B complex (mcludmg chobne), 
with supplement of thiamine chlonde, nboflavin and vitamm Be 

Kidney Acute diffuse necrosis and hydropic degeneration of tubules of cortex and 
mtense hyperemia of the interstitial tissue There is hemorrhage mto and beneath the 
renal capsule and some mterstitial extravasation of blood in the penpheiy of the cortex 
Section stamed with hematoxylm and eosin X 150 













Plate 2 

Fig 2 Rat 45-66 Diet and supplements like those of rat m Fig 1 
Liver Typical picture of marked diffuse fat infiltration Section stained with 
hematoxylm and eosin X 138 

Fig 3 Rat 31-08 Diet and supplements like those of rat m Fig 1 
Kidney Subacute lesion Note remnants of necrosis and calcification of tubules, 
beginning fibrosis of cortex, and hyaline matenal m lumen of distal convoluted tubules 
and loops of Henle Hematoxylm and eosin X 138 











ELECTROPHORESIS OE THE COMPLEMENT EDONG ANTIGEN 
or HUJIAN INELOTNZA VIRUS 


n\ JAQUf^ BOURDIU ON M D akd EDWIN 11 LEVNETTE, M D 
(From llie Laboratones oj the Iitlernaltotial Health Dtnstoii of The Rockefeller Foundattonj 
New I'ori) 

(Received for publication Apnl 24, 1940) 

The presence of antigens capable of fixing complement has been demon 
strated m several virus diseases In yellow fever (1), vaccinia (2), myxo- 
matosis (3), and lymphocytic choriomeningitis (4, 5), for example, this 
antigen has been shown to be soluble and apparently can be freed from 
the virus itself, in others such as rabbit papilloma (6), it is so intimately 
associated with the virus that no distinction can be made between the two 
The occurrence of a specific complement fixing antigen m mouse lungs 
infected with human influenza virus was reported by SmiUi (7) m 1936, 
and the work of Hojle and Eairbrother (8) subsequently suggested that 
this antigen is soluble and separable from the virus 

Electrophoresis has contributed much to tlic newer knowledge of pro 
terns and was therefore employed in the investigation reported here It 
was applied to the study of the electncal mobility of the complement 
fixing antigen present m infected lung suspension, and also to the study 
of normal and influenza mouse serum It was thus possible to give greater 
significance to the pH mobility curve of the antigen by comparing it with 
the curves obtained for the vanous components of mouse serum 

Material and Methods 

Normal Mouse Serum — Normal albino Swiss mice about 1 month of age were bled 
from the heart under ether anesthesia After bemg allowed to dot the blood was stored 
overnight at 4 C and on the following da> the serum was removed after centnfugation 
It was then dialyzed agamst the appropriate buffer for 2 or 3 day s m the cold room and 
finally dduted 1 2 or 1 3 with the same buffer before being placed m the electrophoresis 
cell 

Influenea Mouse Serum Acute Phase —Mice of the same age and breed were inocu 
fated with the PR8 strain of virus, each receiving 0 05 cc of a 0 1 per cent suspension of 
mfected mouse lung mtranasally under light ether anesthesia Three to 4 days later, 
when severe pulmonary consolidation was known to hav e developed the animals were 
bled by cardiac puncture under ether anesthesia and the serum specimens were pooled 
Ddution and dialysis were performed m the same manner as with normal serum 

11 
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ELECTROPHORESIS OE DJELHENZA ANTIGEN 


Mouse Lung Suspension —Mice inoculated as just descnbed were killed 3 to 4 days 
after inoculation The lungs were removed, weighed, ground with alundum, and enough 
salt solution was added to make a 10 per cent suspension Salt solution at different 
pH’s was tried, but it was found that the amount of protein dissolved did not vary 
greatly Therefore, m the experiments reported below either 0 85 per cent NaCI or a 
borate buffer of pH 9 8 was generally used 

After grmding, the suspension was centrifuged at 2500 r p m for 30 minutes and the 
supernatant drawn off and stored at — 76°C Just before use, further claniication was 
effected either by spmnmg the suspension m the open-air centrifuge of Bauer and Pickets 

(9) at 13,000 R p M for 30 mmutes, or by filtration through asbestos The final product, 
with a protem concentration of about 1 0 per cent, was perfectly clear This clanty was 
retamed dunng subsequent dialysis agamst alkahne buffers, dialysis agamst acid 
buffers, however, resulted m irreversible precipitation, which reached a maximum at 
pH 4 5 and below (At pH 4 5m acetate buffer, for example, the precipitate repre- 
sented about one-third of the protems present ) 

Buffers — Serum and mouse lung suspensions were dialyzed m the cold room agamst 
various buffers Acetic acid and sodium acetate buffers at pH 4 6, disodium phosphate 
and sodium acid phosphate buffers at pH 5 4, 6 0, 6 8, and 7 9, as well as bone acid and 
sodium hydroxide buffers at pH 9 8 were used All buffers, except the last, had an 
ionic strength of 0 1 The borate buffer had an ionic strength of 0 04, as it was observed 
that m stronger concentration (0 1) this buffer caused splitting of the albumm peak 
Electrophoresis — In these experiments the apparatus onginally descnbed by Tiselms 

(10) with the medium size cell accommodatmg 11 cc of solution was used Photo- 
graphs of the migratmg boundanes were taken by the "schlieren scannmg method” of 
Longsworth et al (11) In order to compensate for the migration of the boundanes 
dunng the passage of the current, the arrangement descnbed by Longsworth and 
Macinnes (12) was employed 

Throughout this paper the electrophoretic mobihty (U cm®, volt~^, sec~0 will be 
referred to simply as mobihty The mobihty of the visible boundanes was determined 
by timmg their displacement along a scale placed m the focal plane of the camera, or by 
measurmg the distance separatmg them m the schlieren diagram from the location of the 
initial boundary before passage of the current The mobihty of the antigen was deter- 
mmed by samphng the fluid m the cell at vanous levels after the completion of a run, 
and testmg the samples for specific activity In detail, the latter procedure was as 
follows — 

The cell was closed by slidmg aside the two middle sections, the electrode vessels 
were disconnected and removed, and the cell was elevated in the water bath until one-half 
the top section was out of the water The buffer m the top section was syphoned off, 
and the top and two middle sections were moved entirely to one side, leavmg the bottom 
section to close the U tube Then a long metal needle fitted to a 5 cc synnge was 
slowly lowered by hand mto the tube, and m general four samples per section, about 115 
cm m length and 0 9 cc in volume, were successively removed With a little care this 
could be accomphshed without undue mixmg 

Complement Fixation Test —The amount of antigen present m each sample removed 
after electrophoresis was detennmed by the use of the complement fixation test, original 
material which had not been subjected to electrophoresis servmg as a standard for com- 
parison The test was conducted as follows Senal twofold dilutions were made of each 
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specimen To 0 2 cc. amounts of each dilution were added 2 units of gumea pig com 
plement followed by 0 2 cc of a 1 10 dilution of inactivated pooled human influenza 
convalescent serum After incubation at 37“C for 1 hour, 05 cc of sensitized sheep 
cells, consisting of a mizlure of equal parts of a 5 per cent sheep cell suspension m salme 
and 2 units of amboceptor, was added Results were read after secondaiy incubation 
at37®C for 30 minutes 

This procedure was applied to lung suspension after electrophoresis at pH between 
S and 10 Electrophoresis of the antigen was not studied at pH below 5, since m that 
region it was found that the buffer was anticomplemcntaiy 

EXPERIMENTAL 

Llcctrophorests of Normal Mouse Serum — Since scHicrcn patterns ob 
tamed from the ascending side of the U tube are usually easier to read than 
those from the descending side, only the former have been reproduced 
here Diagrams A and B of Fig 1 give patterns obtained for normal 
serum at pH 6 8 and 9 8 Reading from left to nght one goes from the 
top toward the bottom of the ascending side in the U tube Each peak 
represents one protein fraction On the basis of data obtamed by Tisclius 
(13) for horse serum and by Stenhagen (14) for human scrum, the pnnapal 
peaks have been identified as albumin and as a and /3 globuhns A small 
fraction, dose to the alburmn, has been labeled * The last peak, ex 
pressing a fraction which remained almost immobile, has been called y + 5, 
since it presumably indudes Tisehus’ y globulin, and the "S boundary- 
disturbance the latter is an anomaly, the origin of which has been analyzed 
by Longsworth and Macinnes (12), and is not due to an actual protein 
fraction This nomendature has been used here as a matter of simple 
convenience There is httic doubt that the fraction called albumin is 
nearly the same as the albumin fraction isolated by the usual preapitation 
procedures But no claim is made, however, as to the absolute identity 
of the a and j3 globulin fractions with the same fractions described by 
Tisehus or Stenhagen Diagrams A and B of Fig 1 show complete sum 
lanty, e-veept for the fact that the concentration in Diagram B is slightly 
greater, so that all the peaks are higher The mobilibes of the various 
fractions, calculated from these diagrams, are given m Table I, which 
includes also the mobihty of normal mouse serum albumm at pH 7 9 

Electrophoresis of Serum from Mice Infected with Influenza Virus — ^Dia 
grams C, D, and E of Fig 1 show the results obtained on a single specimen 
of pooled serum Diagrams C (pH 6 8, lomc strength 0 1) and D (pH 9 8, 
lomc strength 0 04) appear sirmlar, the only difference being the appearance, 
at the higher pH, of a small new fraction labeled x' These patterns are 
similar to those obtained with normal serum under the same conditions 
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When a borate buffer of 0 1 lomc strength was used, as m Diagram E, the 
albumin was spht m two, so that the x and x' fractions became invisible 
The rest of the pattern remained unchanged The sphttmg of the albumm 
suggests that this fraction is not as homogeneous as is usually supposed 
The same phenomenon, at acid pH, has been observed by Luetscher (15) 
in horse and in human serum Between Diagrams D and E the sample 
was dialyzed against acetate at pH 4 6, the shght precipitate formed was 
removed, and the sample was redialyzed against borate pH 9 8 and ionic 
strength 0 04 The pattern obtamed then was exactly similar to Diagram 
D, except for the almost complete disappearance of the a globuhn This 
shows the shght effect on serum of acidification to pH 4 6, whereas the same 
procedure applied to limg suspension causes considerable precipitation 

TABLE I 


Mohihly of Mouse Serum Proteins {Anode) 


Serum 

Buffer 

pH 

Ionic 

strength 


Mobility X 105 




Albumin 

X 


a 

e 

Normal 

Phosphate 

6 8 

0 1 

5 5 

5 0 

— 

3 S 

2 3 



7 9 

0 1 i 

7 0 


— 

— 

— 


Borate 

9 8 

0 04 

10 2 

9 5 

— 

6 6 

5 2 

Influenza 

Phosphate 

d 8 

0 1 

6 2 

5 6 

— 

4 1 

2 7 


Borate 

9 8 

0 1 

18 7 
(7 S 

— 

1 

5 9 

4 4 


i 

9 8 

0 04 

10 4 

9 6 

8 5 

6 8 

S 1 


After acidification to 
pH 4 6 

9 8 

0 04 

10 0 

9 1 

8 2 


S 0 


The mobihties of the vanous serum fractions are given m Table I As 
would be expected, the mobilities are much greater m the less concentrated 
borate Comparison with the figures obtamed for normal mouse serum 
shows that at pH 6 8 the vanous fractions in influenza serum had a slightly 
greater mobility At pH 9 8 the mobilities are the same 
Eledrophorests of Lung Suspension Optical Results — Diagram F of 
Fig 1 gives the schheren pattern obtamed at pH 9 8 after the ongmal 
solution had been concentrated twice by pressure dialysis The smaller 
boundary showed the same mobihty as serum alburmn and has therefore, 
for convemence’ sake, been called albumin The other boundary migrated 
hke the hemoglobin which could be seen with the naked eye and has there- 
fore been labeled hemoglobin Never more than two boundanes were 
observed, and at other pH’s they always showed the mobility that could 









JAQUES DOURDaLON AND EDWIN H LENNETTE 


15 



Fig 1 Electrophoretic diagrams of mouse serum and mouse lung suspension (anode) 
Abscissae distances measured from top of cell Ordinates concentration gradients 
Diagram A Normal mouse serum pH 6 8 ionic strength 01 Dilution I 3 
Potential gradient 8 8 V/cra After 111 minutes 

Diagram B Normal mouse serum pH 9 8, ionic strength 0 04 Dilution 1 2 
Potential gradient 14 8 V/cra After 39 mmutes 

Diagram C Influenza scrum pH ^8, ionic strength 0 1 Dilution 125 

Potential gradient 8 7 V/cm After 100 mmutes 

Diagram D Influenza serum pH 9 8, ionic strength 0 04 Dilution 12 5 

Potential gradient 113 V/cm After 48 mmutes 

Diagram E Influenza serum pH 9 8, lomc strength 0 1 Dilution 12 5 

Potential gradient 7 4 V/cm After 72 mmutes 

Diagram F Influenza lung suspension pH 9 8, lomc strength 0 04 Potential 
gradient 12 2 V/cm After 24 mmutes 
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summarized m Fag 2, an whacla the mobahtaes at 0 1 aoiuc strength have 
been plotted agamst pH It as obvious that the complement-fixing antigen 
has a mobihty between that of albumm and cx. globuhn, or between the x 
fraction and ol globuhn, with an isoelectric pomt probably shghtly above 
pH 5 At an lomc strength of 0 04 the relative position of the antigen as 
the same, as can be gathered from the mobahtaes an Tables I and II 

DISCUSSION 

Presentation of the mobahtaes of serum protean fractions and complement- 
fixing antigen on the same chart (Fag 2) as obviously only a convement 
device which makes the results more easily visuahzed But we do not know 
whether the antigen is present at all m serum It may be entirely absent 
from it, or present in amounts too small to be detected It is probably 
not present in serum m large amounts, for, if some inhibiting factor made 
its detection there impossible, at would not be detected m the mouse lung 
suspension either, since the lung suspension contains so much blood 

The mobihty of the complement-fixing antigerr shows that it as electro- 
phoreticaUy similar to a serum globuhn Its mobihty would be near that 
of a globuhn on the alkahne side, but greater than a globuhn at neutrality 
More accurate conclusions are not warranted because of the crudeness of 
the samphng device and because of the expenmental error m the comple- 
ment fixation test, which make impossible an accurate determmation of 
mobihty 

Little is known of the physicochemical properties of the complement- 
fixing antigens of viruses Hughes (1) found that the antigen present an 
yellow fever serum precipitated like an albumin with ammomum sulfate 
Those present in vaccmia (16) and myxomatosis (17) precipitate with 
the globulins In lymphocytic choriomeningitis the complement-fixmg 
antigen as found both an the albumin and m the globuhn fraction (5) One 
should bear in amnd nevertheless that the present classification of proteins 
into “albumms” and “globuhns,” according to whether they preapitate 
at full saturation or half saturation with ammomum sulfate, has been 
denved from the study of normal serum It may be extended to pathological 
sera or tissue protems, as a matter of convemence, but only so long as its 
importance as not overestimated That the soluble antigen of influenza 
virus stands m dose relationship to the mfectious moiety of the virus is 
suggested by preliminary experiments which indicate that the mfectious 
agent has about the same electncal mobihty as the soluble antigen, and 
also by the observation, which is at variance with Hoyle and Fairbrother’s 
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conclusions (8), that it has not been possible to prepare a washed virus 
suspension entirely free from complement fixing properties These points 
will be dealt with in later pubhcations 

SDMlMRy 

1 An electrophoretic study has been made of normal mouse serum, 
influenza mouse serum, and influenza mouse lung suspension The mobili 
ties of the protein fractions present have been determined at various pH’s 
by the optical method 

2 The pH mobilitj curve of the soluble (complement fixing) antigen 
present in the lung suspension has been determined analyticallj by sampling 
and application of the complement fixation test The results show that 
the complement fixing antigen has a mobility definitely smaller than that 
of scrum albumin and close to that of a globulin, with an isoelectnc point 
close to pH S 
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MALAMA ANTIBODIES IN HUMAN SERUM 


eliminate the repetition of the experiment m man, assuming that the pro- 
portions were similar in both instances However, a method for extending 
the study of humoral immunity to malaria in man was suggested by the 
work of Elnowles and Das Gupta (6) who succeeded in producing an in- 
fection with P knowlesi m three human volunteers Thus serum obtained 
from patients with induced hiowlest malaria could be tested for protective 
antibodies m rhesus monkeys The same specimens could also be tested 
for the presence of agglutinins and complement-fixing antibodies Ac- 
cordingly, experiments were made using serum from patients with induced 
knowlesi malaria in an attempt to demonstrate the existence of humoral 
immune substances 


Methods 

The source of the serum was one Negro patient at the New York Hospital^ and six 
Negro patients at the Manhattan State Hospital,* all suffermg from general paresis 
Two had previously been found resistant to infection with mvax malana when inoculated 
for therapeutic purposes The patients were bled for serum and then inoculated intra- 
venously or intramuscularly with 1 to 5 cc of citrated blood from a rhesus monkey 
after tests showed that the animal was suffering from no mfection other than P knowlest 
malana The patients were then bled at vanous mtervals after recovery from the acute 
attack 

Protechm Tests — The protection tests with human serum were done by the method 
of Coggeshall and Kumm (7) with certain modifications aimed at mcreasmg the sen 
sitivity of the test These modifications were the result of a previous study by Cogge- 
shall and Eaton (8) which showed that the effectiveness of an immune serum was pro- 
portional to the number of parasites m the inoculum when mcubated together 30 minutes 
at 37°C before mjection The test used m the present study consisted of mixing 2 cc 
of the immune serum with 10,000 P knowlest parasites, incubation at 37®C for 30 
minutes, and the injection of the mixture mtra-abdommally mto normal rhesus monkeys 
In certain instances there was no further administration of immune serum, while in 
others subsequent injections were made In order to determme the protective property 
of any particular serum sample, either the amount of serum or the number of parasites 
in the moculum was varied 

Complement Ftxalton Tests — The sera of six patients were tested for the presence 
and concentration of complement-fixmg antibodies according to the method described 
by Eaton and Coggeshall (9), in which sahne extracts of concentrated P knowlest 
parasites were used for antigens 

Agghilination Tests —Usmg the method of Eaton (10), attempts were made to deter- 
mine the agglutmatmg titer of the same samples of serum used m the protection tests 
The concentration of protective antibodies and agglutmms seemed to parallel each 
other, however, as the presence of heteroagglutmms senously mterfered with the tests 

* We wish to acknowledge the cooperation of Dr W McDermott at the New York 
Hospital and Dr Ernest Kusch at the Manhattan State Hospital who were responsible 
for the management of these patients 
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c\cn after absorption, no definite conclusions could be drawn and the data arc not 
included 


EXTERIMENTAI. 

Protection Test 1 — Protection tests were made on specimens of serum of patient 
W F v.ho \vas inoculated mlramuscularl> with 2,000 000 P knowlest parasites, and 
the onset of clinical actiMt> occurred 12 da>s later as evidenced by a fever of 38®C 
There were six dail> paroxysms and the acute disease termmated spontaneously 
The maximum temperature dunng this penod reached 39 4®C , and the greatest number 
of circulating parasites was 184 per 10 000 red blood cells Scrum specimens were 
obtained at the tune of inoculation as well as 4 and 66 days after the acute disease had 
subsided The protection tests \\crc earned out with these specimens using 2 cc of 
serum and 10 000 parasites The specimen obtained before infection and another 


TABLE I 

of Proteetton Tests vnlh Specimens of Serum from Patient Tl' F 


Itenkev 

No 

Serum obt&laed aiter termloa 
tloo of acute attack. 

Additional scrum injected 


Amount 

Result 



DaUy 

Total 



Jayr 

ft 

tt 


1 

0 

— 

— 

Died 14th day 

2 1 

4 

— 

— 

No mfection 

3 

4 

2 

20 

Recovered 

4 

66 

— 

— 

Recovered 

5 ! 

66 

2 

20 

Recovered 

6 

Normal human serum 

2 

20 

Died 13th day 


from a normal individual served as controls Each of the two specunens of scrum 
collected dunng convalescence was tested m two monkeys One of each pair received 
only the 2 cc of immune serum m the inoculum while the duplicate received 2 cc of 
inimunc serum daily for 10 days 

The results, which are summanzed m Table I, show that moni cy 1, 
which received the preinfection serum specimen, and monkey 6, which 
received normal human scrum, died on the I4th day and 13th day, respec 
tively Of the four remaining animals in which the convalescent sera were 
tested, monkey 2 developed no infection, while monkeys 3, 4, and 5 became 
infected but survived The 20 cc of the 66-day serum given to monkey 
5 m addition to that contained in the original inoculum apparently shghtly 
diminished the intensity of the infection as compared with that of monkey 
4 The results indicate that the serum from this patient had acquired 
protective antibodies in demonstrable concentration in the course of the 
induced infection 
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Proieclton Test 2 Protection and complement fixation tests were made on the 
serum specunens of patient T H who had been inoculated intramuscularly with 3,500,00 
P knowlesi parasites The first sign of mfection was a mild prodromal fever followed 
by a severe paroxysm and temperature of 40°C on the 11th day after inoculation 
Dunng the acute course of the disease which lasted 7 davs there was a maximum tem- 
perature of 42°C , and the mfection termmated spontaneously The number of cir- 
culatmg parasites paralleled the fever curve, the greatest concentration being 306 
parasitized cells per 10,000 normal red blood cells The blood smears became negative 
soon after the temperature assumed a normal level and there were no relapses A sample 
of serum was obtamed before inoculation, at the height of the acute disease, and at 27 
and 102 days after termmation of the acute attack These four specimens were tested 
simultaneously m individual normal monkeys for their protective effect 

The results are shown m Table II It wiU be seen that no protective 
effect was demonstrable with specimens taken before inoculation, at the 


TABLE n 

Results of Protection and Complement Fixation Tests with Specimens of Serum from 

Patient T H 


Monkey , 

No 

Serum obtamed after termination 
o! acute atta^ 

Result 

Complement fixation 
titer 


days 



7 

0 

Died 11th day 

0 

8 

At peak 

Died 10th day 

0 

9 

27 

Died 9th day 

1 1 

10 

102 

Recovered 

1 32 


height of the acute attack, or m early convalescence On the other hand, 
monkey 10, which received the serum obtained 102 days after the patient’s 
recovery, survived the infection The survival of this monkey further 
indicates the existence in the patient of a subchmcal infection with the 
gradual accumulation of protective antibodies An example of such an 
infection has been recorded by hlilam and Coggeshall (11) where a patient 
after a spontaneous recovery from induced knowlesi malana had normal 
temperatures and negative daily thick blood smears for 130 days, yet the 
blood was infectious for monkeys when submoculated at that time 

The results of the complement fixation tests paralleled those of the pro- 
tection test The greatest concentration of complement-fixing antibodies 
was present in the serum that exerted the maximum protective abihty 

Protection Test 3 — Protection and complement fixation tests were made on the 
serum specunens of patient R G , who had been moculated intravenously with 3,000,000 
P knowlesi parasites An elevation of temperature occurred 3 days later and was 
followed by six daily paroxysms with a maxunum temperature of 41 2‘’C The acute 
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disease terminated spontaneously and no relapses were noted Serum was obtained 
before inoculation and 8, 28 and 56 days after clinical activity had subsided The three 
speamens of scrum taken from this patient during con\ alcscencc were tested m duplicate 
for their protecti\ e properties m six different monkc>'s, three received only the inoculum 
Vihich consisted of 2 cc of immune serum and 10,000 parasites while the duplicates 
received an identical inoculum and an additional 1 cc dail> of the same immune serum 
beginning the day that parasites Mere first detected m the blood smears The results of 
these tests arc shown m Table III 

It will be seen m Table in that a definite protective effect was obtained 
with the serum speamens obtained 8 and 28 days after the acute attack 
There was no real evidence which showed that the mjection of additional 


TABLE in 

Ravlts of Proledton and Complemcftl Fixation Tests vnth Specimens of Serum from 
Patient R G 


Monkey 

Ko 

i 

1 Sentm obuined After temloA 

1 Uoaofi^uteAltAck 

AddlUotul temm 
injected 

1 

Result 

ComDieaent 

Amount ^ 

fitatioQ 

Uier 



DeSy 

Total 




1 

te 




n 

0 


— 

No infecbon 

— 

12 

8 


— 

Recovered 

1 32 

13 

8 


— 

No infection 

1 32 

14 

28 


— 

Died 16th day 

1 6 

15 

28 


8 ! 

Recovered 

1 6 

16 

56 

— 

— 1 

No infection 

1 1 

17 

56 

1 

5 5 

Died 12th day 

1 1 

18 

Normal human serum 

1 

« 1 

Died 11th day 

— 


serum had influenced the course of the infection in the test animals The 
reason for the failure of monkeys 11, 13, and 16 to become infected is not 
known It was observed that the serum from this patient agglutinated 
normal monkey red cells in extremely high dilutions, Mhich may offer a 
possible explanation The complement fixation test, also shown in Table 
ni, reveals that the maximum titer of complement fixmg antibodies was 
obtained with the sample of serum obtained 8 days after the acute attack 
had subsided The 8 day speamen also exhibited the greatest protective 
effect Thus it was seen that this patient had a defimte serological immtme 
response foUowmg the attack of induced malana 

Protection Test 4 — As the serum obtamed from patient R G on the 8th day after 
the acute infection had terminated had the greatest protective ability, it was deaded 
to test this specimen further by determining the protective antibody titer against a 
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varying number of parasites Accordmgly the 2 cc samples of the serum were mcubated 
with 1,000,000, 100,000, 10,000, and 1000 parasites, respectively, and each mixture 
was mjected mto mdividual monkeys One control monkey received 2 cc of normal 
human serum and 10,000 parasites 

The results are shown in Table IV, and it was found that the length of 
disease increased as the number of parasites was decreased m the inoculum 
As the amount of immune serum was kept constant, these results are taken 
to mdicate a defimte protective effect The failure of monkey 22 to survive 
when the dose of parasites was only 1000 does not mvahdate the general 
result 


TABLE rv 

Tttralton of Prolecltve Effect with 2 Cc Serum of Patient R G Taken 8 Days after Recovery 

from Acute Attack 


Monkey No 

No of parasites in inoculum 

Result 

19 

1,000,000 

Died 11th day 

20 

100,000 

Died 13th day 

21 

10,000 

No infection 

22 

1,000 

Died 15th day 

23* 

10,000 

Died 11th day 


* Normal human serum 


Protection Test 5 — Serum specimens were obtamed for protection and complement 
fixation tests on patient B A who was moculated intravenously with 1 cc of mfected 
blood contaming approximately 10,000,000 P knowlest parasites Clinical activity of 
the infection was mild, 5 days in duration, and terminated spontaneously The maxi- 
mum parasite count was 30 per 10,000 red cells Serum samples were taken on S, 17, 
and 53 days, respectively, after the acute attack had subsided and were tested m the 
same manner as was the serum of Protection Test 3 

The results shown m Table V indicate that the serum of this patient, who 
expenenced an abortive chnical attack, showed a shght protective effect 
Supplementary semm mjections into monkeys 25 and 29 were associated 
with more prolonged infections than were obtamed m monkeys 24 and 28, 
which received no additional serum, and all of the test monkeys which 
became mfected hved longer than the control which received normal human 
serum The maximum complement fixation titer was 1 8, which is a rela- 
tively low level 

Protection Test 6 —In order to obtain specimens of serum for protection and com- 
plement fixation tests, pafaent T M was moculated mtramusculariy with 1 cc of in- 
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fccted blood containing 3,000,000 P knorcten pansitcs The incubation penod ^^•as 
23 dzys The acute disease lasted onl> 4 da) s and tiras extremely mild with a maxunum 
parasite count of 3 per 10,000 red cells The acute infection terminated ‘qwntancously 
A prcmoculation serum specimen \Nas obtained and also specimens 10 and 36 days after 
the patient’s temperature had returned to a normal level The serum nas tested m 

TABLE V 


Rcstills of Protection and Complement Fixation Tests vnlh Specimens of Serum from 
Patient B A 


Motikey 

No 

Serion oht&ined after termloa 
lloQ of acute attack 

Additional aerum 
Injected j 

ReuU ' 

Compte 

Amooat 

rout dia 
tiDQ Uter 




Total 



24 

daft 

5 

ce 

tc 

Died Uth day 

n 

25 

5 

1 

6 

Died 12th day 

WSim 

26 

n 

— 

— 

No inJecbon 


27 

17 

1 

7 

Died Hth day 

Btfl 

28 

S3 1 

— 

— 

Died 11th day 


29 

53 1 

i 

10 

Died Hth day 

1 2 

30 

Nomul human scrum j 

1 

10 

Died 10th day 

1 ^ 


TABLE VI 

Results of Protection and Complement Fixaiton Tests vnlh Specimens of Serum from 
Patient T if 


Monkey 

No 

Senun obtained after termioa 
tlon of acute attack 

Additional scrum 
Injected ^ 

Result 

Corople 

Amonot j 

rout &za- 
Uon titer 



Dally 

Total 

! 



days 

ee 

ce 



31 

0 


— 

Died lllh day 

0 

32 

10 

1 

9 

Died 10th day 

1 16 

33 

36 

1 

8 S 

j Died 13th day 

i ^ ^ 

34 

Normal monkey serum 

I 

10 

Died 10th day 

— 


monlejs 31, 32 and 33 as in Protection Test 3, and the results are summarized in 
Table VI 

The fact that monkey 33 had a milder infection and survived longer than 
monkeys 31 and 32 is indicative of a stronger protective effect of the serum 
obtained 36 days after the termination of the acute attack than that of the 
preinoculation sample or the one taken at the height of the disease In 
this instance the serum with the maximum titer of complement fixing anti 
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bodies apparently did not coincide with that showing the greatest protective 
effect 

Prokchon Test 7 Protection and complement fixation tests were made on the 
serum specimens of patient L B The moculation was made mtravenously nith 
18,000,000 P knowlesi parasites, and parasites were first noted in the blood smears 10 
days later, also the day of clmical onset The acute disease lasted 5 days and the 
maximum temperature was 40 8°C Only one convalescent serum specimen was taken 
after the temperature had returned to a normal level Since there was only a single 
postmfection sample of serum obtamed 16 days after the acute attack had spontane- 
ously subsided, its protective quahties were compared to the one taken before inoculation, 
and a normal monkey serum control was added The infecting dose of parasites for the 
protection tests was reduced to 1000 in these tests 

The results m Table VII show that the mcubation of 4 cc of the patient’s 
serum obtained before the malaria infection exerted no inhibitory effect on 

TABLE vn 


Results of Protection and Complement Fixation Tests vnih Specimens of Serum from 

Patient L B 


MonteyNo 

Seiuia obtamed alter temuna 
tioQ of acute attack 

Amount of 
serum incu- 
bated mtli looa 
parasites 

Result 

ComplemtDt 
fixation titer 


days 

CC 



35 

0 

4 

Died 11th day 

0 

36 

16 

4 

Recovered 


37 

16 

1 

Died 14th day 


38 

Normal monkey serum 

4 

Died 11th day 

■■ 


the disease of monkey 35 The use of an equal amount of convalescent 
serum and 1000 parasites resulted in a mild mfection and survival when 
mjected mto monkey 36 Monkey 37, which received 1 cc of the same 
serum and 1000 parasites, had a prolonged infection and succumbed on the 
14th day The additional control monkey 38 had a typical F knowlesi 
infection and died on the 11th day Complement fixation tests showed a 
substantial titer of antibodies, 1 12 in the postmfection sample of serum 

Protection Test 8 — As a check on previous experiments m which it had been noted 
that the sera of certam patients during convalescence had a greater protective effect 
than those of others, it was decided to combine the remammg portions of the stronger 
specimens mto pool 1 and compare its inhibitory action with that of pool 2, which i\as 
a mixture of those sera showmg httle or no activity when used m a protection expen- 
ment The sera from these pools were tested m the usual manner for the presence of 
protective antibodies, and m addition an attempt was made to determme whether or 
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not the incubation of the scrum ivitli the moculating dose ot parasites influenced the 
course of the infection in the test 

The results of this experiment, summarized in Table VtU, showed that 
monkey 39 was able to recover from its infection wuth the aid of the scrum 
from pool 1, which was the more potent ot the two pools It was also in- 
dicated that tlic incubation ot the immune serum and the parasites was a 
deciding factor in the favorable outcome of the infection in monkey 39, 
although this cannot be given too much credit because monkey 40 de 


TABLE vni 

Protection Tats vnlh Pool 1 and Pool 2 Serum vnth and without Incubation with 1000 
Ptasniodium knoulest Parasites 


MonkryNo 1 

Senon iocubit^d 
nilh pamites 

Tool No 

Knult 

39 

\C3 

1 ' 

Rccoveitd 

40 ; 

No 

1 1 

Died Ulh day 

41 1 

\cs 


Died 14Ui day 

42 ' 

No 

1 2 1 

Died 14lb day 


veloped a severe hemoglobinuria, and this comphcation usually results 
fatally for the monkey 


DISCUSSION 

That protective antibodies are found m the serum of animals following 
recovery from an acute attack of malana is no longer doubted In addition 
to the demonstration of the existence of these immune substances, it has 
been consistently pointed out that their concentration is extremely low 
Actually this conclusion may be unjustified The protection tests against 
some bactena and viruses, involving the use of mice in large numbers, have 
reached such a high degree of refinement that the potency of the immune 
serum can be measured quantitatively in terms of the number of infective 
or lethal doses of the specific agent neutralized by a given quantity of the 
scrum No such test is practical in malana In testing an intracellular 
parasite such as the malana plasmodium against its antiserum, it is ap 
parent that a situation different from that of bacteria or viruses prevails 
Tresumably, the parasite in the inoculum is protected by a cell membrane 
which prevents an intimate contact between the organism and the immune 
serum This inference has considerable basis in fact, for example, Eaton 
(10) has shown that an immune serum wull agglutinate the malana parasite 
only m the mature stage and when the red cell membrane is presumably 
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destroyed, or at least very permeable The same serum was ineffective 
against the young nng or ameboid forms of the parasite Likewise, in 
unpublished studies, it has been foimd m this laboratory that an immune 
serum in viiro is more effective against an equal number of segmenting 
forms than against young rings, although the former multiply within a few 
mmutes mto approximately 16 times more parasites This mdicates a 
greater protective effect by reason of accessibility of the immune serum to 
the parasite Such a situation would explain why the results of the malaria 
protection tests in birds and monkeys are frequently indefimte, also why 
so many of the earher expenments in passive i mmuni ty were negative 
The parasite may be shielded from the action of immune serum not only 
dunng its growth within the red cell, but hkewise throughout its entire 
cycle of development It may be held that the opportumty for umon 
between antigen and antibody would occur at the tune the parasite spor- 
ulates, but just where this phenomenon takes place m the host is not known 
In all probabffity the parasite either rapidly invades a new red cell outside 
the freely circulatmg blood or is phagocytized by a macrophage In 
intense P knowlesi infections one may obtain more than 50 per cent of red 
cells infected with mature segmenting forms and find only an occasional 
■> free parasite even when the ammal’s blood is examined at short intervals 
throughout the entire penod of sporulation It seems probable that m 
blood smears most, if not all, of the free merozoites seen outside the red 
cell are the result of mechamcal disruption Furthermore, Eaton and 
Coggeshall (12) showed that an anti-monkey red cell serum lysed infected 
red cells and rendered the hberated parasites non-infectious This mdicates 
that the free malana parasites within the penpheral blood stream are prob- 
ably not assoaated with, or essential to, the natural course of infection 
Another mdication that the parasite is protected from the action of an 
immune serum is that in chrome P knowlesi infections one is able to find 
a rather constant number of arculating parasites m a serum that can be 
shown to possess a relatively high concentration of protective antibodies 
The observations ated, as well as many others, may explain why the results 
of the malana protection tests cannot be compared with those obtained in 
many other diseases Therefore, it would seem more logical to assume that 
the protection tests with malana immune serum as used are madequate to 
demonstrate the actual titer of protective antibodies which may be present 
m a considerable concentration From the same evidence it can be assumed 
that immumty in malana is relatively ineffective and temporary, not be- 
cause the imm nnp. substances are present in low concentration, but because 
they are unable to exert their maxunum influence, either directly or in- 
directly, agamst the parasite 
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The results of the complement Ibcation tests may be discussed bnefly 
In all instances the premoculation samples of sera were negative, while 
the convalescent specimens contained varying concentrations of comple- 
ment fixing substances There was no uniform correlation between their 
titer and protective action of the serum Although there is no evidence to 
indicate that complement fixing antibodies and protective antibodies are 
identical substances, they are both produced as a result of malana infection 
In the preceding cxpenments it is to be noted that none of the patients 
experienced a clinical attack wluch persisted longer than 7 days Also, 
all infections subsided without the aid of any treatment This type of 
infection is commonly observed in Negroes, who have a marked resistance 
to P knowlcsi mtections as compared with white persons A more defimte 
protective effect rmght have been obtained with immune serum taken from 
individuals more susceptible to this parasite 

SCIIMARV 

Evidence has been presented which indicates that antibodies appear 
in the serum of individuals following an induced malaria infection with 
Plasmodium knovlcst 
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STUBIES ON ANTIBACTEMAL IMMUNITY INDUCED BY 
ARTiriCIAL ANTIGENS 


n IstiOTNiTY TO Experimental Pneomococcal Infection with 
Antigens Containing Sacourides of Synthetic Origin 

Bi WALTHER F GOEBEL PnD 
{Trom the Hospital oj The Rochejetter Institute for Medical Research) 

(Received tor publication, April 22, 1940) 

The functional rflle of bactcnal polysaccharides in immunity has been 
amply demonstrated in studies from this and other laboratories Although 
knowledge of the prease chemical constitution of the bactenal polysac 
chandes is still meager, it has been possible in some measure to correlate 
their speafic immunological properties with differences in chemical struc- 
ture Several years ago we demonstrated that type speafic antibactenal 
immumty could be evoked in rabbits with an artifiaal antigen containing 
the azobonzyl ether of the capsular polysacchandc of Type m Pneumoco- 
coccus (1) More recently it has been shown that an antigen containing the 
azobenzyl glycoside of cellobiuromc aad, the pattern umt of the Type HI 
pneumococcus polysaccharide, evokes m rabbits antibodies which agglu- 
tinate Type HI pneumococa and confers passive immumty on mice against 
infection not only with Type in but -with Type n and Vm orgamsms as 
well (2) 

Cellobiuromc aad (4-/3 glucuronosidoglucose) is an aldobionic aad 
constituted from a molecule of glucose hnked in jS glucuronosidic umon 
with a molecule of glucuromc aad on the fourth carbon atom of the hexose 
(3) Whether this exact molecular configuration is essential for eliating 
pneumococcal antibodies in experimental ammals is the subject of the 
present communication A second antigen has therefore been prepared, 
one containing an isomenc aldobionic acid, gentiobiuromc acid (6-|8 
glucuronosidoglucose) (4) The immunological properties of the antigen 
contaimng the synthetic saccharide have been compared and correlated 
with those of the antigen contaimng cellobiuromc aad, the aldobionic aad 
derived from natural sources Cellobiuromc and gentiobiuromc acids are 
isomers diffenng m the position but not the configuration of the 0 glu 
curonosidic union as can be seen from Figs 1 and 2 
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in the reaction noi estabhshed the direct participation of the enz 3 Tne in 
the tiansfei reaction, they did indicate an exchange leaction between 

Table III 

Reactions Involving Exchange between Hydrogen of DPNH or Acetylpyridine DPNH 
and Medium (.D 2 O) Catalyzed by Diaphorase 
The reaction mixtures in all experiments contained 170 jumoles of phosphate buf- 
fer, pH 7 5, and, in addition, the following Experiment 1, 59 8 ^imoles of DPNH, 
105 7 yumoles of DPN, and 12 5 mg of diaphorase protein. Experiment 2, 56 4 /zmoles 
of DPNH, 0 05 ml of purified Neurospora DPNase, and 12 5 mg of diaphorase pro- 
tein, Experiment 3, 126 8 /imoles of DPNH and 19 mg of diaphorase protein. Ex- 
periment 4, 38 1 /imoles of acetylpyridine DPNH and 12 5 mg of diaphorase protein 
All reaction rmxtures were diluted to a total volume of 10 ml with D 2 O Reactions 
were started with enzyme, and incubated at room temperature anaerobically in an 
evacuated Thunberg tube for 3 5 hours The reaction mixture in Experiment 3 was 
incubated for 6 hours After these periods of incubation, the pH was adjusted to 
9 5 with KOH and the reaction mixtures were placed in a boiling water bath for 2 
minutes The denatured protein was removed by centrifugation, and barium ace- 
tate was added to the supernatant solutions The resulting precipitates were dis- 
carded after centrifugation 5 volumes of cold ethanol were added to the super- 
natant solutions containing the barium salts of DPNH or acetylpyridine DPNH, 
and the solutions kept at 0° for 1 hour The precipitates were collected by centrifu- 
gation, dissolved in 20 ml of HjO, and left at room temperature for 30 minutes in 
order to remove any exchangeable deuterium 5 volumes of cold ethanol were added 
and the solutions kept at 0° for 30 minutes before centrifugation The precipitates 
were then treated as described in Table I In Experiments 2 and 3 the isolated 
DPND was diluted with carrier glycine before analyzing for deuterium 


Experiment 

No 

Electron donor 

Electron 

DjO 

content 

of 

medium* 

Nucleotide isolated 

Deuterium content in 
nucleotide isolated! 

acceptor 

Atom per j 
cent excess 

Atom per 
molecule 

1 

DPNH 

DPN 

95 

DPND 

1 34 


2 

it 

None 

99 5 


4 01 


3 

it 

it 

93 3 

it 

2 74 


4 

Acetylpyridine 
DPNH j 

it 

95 

Acetylpyridine 

DPND 

1 74 

0 48 


* Calculated value 

t The deuterium values in Experiments 2 and 3 have a higher degree of accuracy 
than those in Experiments 1 and 4 because the DPND isolated in the former ex- 
periments was diluted with glycine before analysis, and the values given are cor- 
rected for dilution The other values are uncorrected for purity 1 atom of deu- 
terium per molecule corresponds to a value of 3 7 atom per cent excess for DPNH 
and 3 6 atom per cent excess for acetylpyridine DPNH 

DPNH or acetylpyndine DPNH and the medium As can be seen (Table 
III, Expel unent 1), when DPNH and DPN are used as electron donor 
and acceptor, respectively, the DPNH isolated contamed 0 36 atom of D 
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pel molecule Since it was not appaient fiom this expeiiment whether 
oxidized DPN nas necessaiy foi this exchange, Expeiiments 2 and 3 were 
perfoimed In Expeiiment 2 Neuiospoia DPNase was added to cleave 
any DPN which might be foimed in the couise of the reaction Experi- 
ment 3 contained no DPNase The DPNH present at the end of the 
incubation peiiod in Expeiiments 2 and 3, respectively, contained 1 08 
and 0 74 atoms of D per molecule These results cleaily demonstrate 
that the h 3 ’^drogen of DPNH is exchangeable with the medium (D 2 O) 
under these conditions The lowei value of 0 74 m Experiment 3, which 

Table IV 

Oxidation of DPND Formed in Exchange ReaclioT\ hy Acetaldehyde and Alcohol 
Dehydrogenase, and Isolation of Nicotinamide from Resultant DPNH 
The reaction mixture contained 37 4 ftmoles of DPND isolated in Experiment 3, 
Table III, 0 6 mmole of phosphate buffer, pH 7 5, 3 6 mmoles of acetaldehyde, and 
0 1 ml of crystalline yeast alcohol dehydrogenase in a total volume of 5 7 ml The 
reaction was started i\ith alcohol dehj’'drogenase and incubated at 37° for 30 minutes 
After complete oxidation of the DPND, 0 05 ml of purified Neurospora DPNase 
was added to the reaction mixture and incubated at 37° for 1 hour After this 
period of time, no DPN remained The reaction mixture was placed in a boiling 
water bath for 3 minutes and cooled, and the denatured protein removed by cen- 
trifugation The resultant supernatant solution was analyzed for nicotinamide and 
placed on a Dowex 1-formate column The nicotinamide was eluted with H 2 O, 
diluted 14 4 times with carrier nicotinamide, isolated by crystallization from ben- 
zene, and analyzed for deuterium 


Deuterium content in DPND 

Deuterium content in nicotinamide after alcohol 
dehydrogenase and DPNase treatment* 

Atom per cent excess 

Atom per molecule 

Atom per cent excess 

Atom per molecule 

2 74 

0 74 

8 2 

0 49 


* Values corrected for dilution with carrier nicotinamide 1 atom of deuterium 
per molecule of nicotinamide corresponds to a value of 16 7 atom per cent excess 


contained no DPNase, is presumably due to a larger imtial concentration 
of DPNH These experiments indicate that the exchange reaction be- 
tween the hydrogen of DPNH and the medium does not reqmre the pres- 
ence of oxidized DPN A similar exchange has been noted (Table HI, 
Experiment 4) between acetylpyridine DPNH and the medium 

It should be noted that the deuterium values obtained in Experiments 
2 and 3 are not quantitatively comparable to those in Experiments 1 and 
4 because of the diffeience in the accuracy of the measurements (see 
Table III, footnote) 

Stereospecijicity of Exchange Reaction — It was mdicated earher that the 
diaphorase-catalyzed electron transfer reaction between DPNH and acetyl- 
pyridine DPN appears to show a greater aflBmty for Side 2 of reduced DPN 
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It was of interest, therefore, to determine whether the enzyme also shows 
this specificity for the exchange reaction between DPNH and DzO The 
DPND isolated in Experiment 3, Table III, which contained 0 74 atom of 
D pel molecule, was oxidized with acetaldehyde and yeast alcohol dehydro- 
genase The DPN foimed was treated with Newospora DPNase and the 
resultant mcotmamide isolated as described in Table IV As alcohol de- 
hydrogenase acts on Side 1 of reduced DPN, then, if deuterium is found 
in the mcotinaimde, it would indicate that the deuterium in the DPND 
IS located on Side 2 As can be seen in Table IV, the mcotmamide iso- 
lated contained 0 49 atom of D per molecule as compared to 0 74 atom of 
D per molecule in the starting DPND It is apparent therefore that 69 
per cent of the DPND formed in the exchange reaction is in Form B Here 
again, as in the transfer reaction, the enzyme appears to show a greater 
affimty for Side 2 of reduced DPN 

DISCUSSION 

It has been possible -mth the use of D 2 O to demonstrate that the mech- 
amsm of the transfer reaction between DPNH and acetylpyiidine DPN, 
catalyzed by pig heart diaphorase, mvolves an electron rather than a 
direct hydrogen transfer It was also shown that in addition to the trans- 
fer reaction there is an enzyme-catalyzed exchange reaction between the 
hydrogen of DPNH or acetylpyridme DPNH and the medium (D2O) 
Although not indicated in Tables I to IV, no sigmficant transfer 01 ex- 
change was evident in the absence of the pig heart diaphorase 

Of interest are the data on the stereospecificity which indicate that the 
enzyme has an affimty for Side 2 of reduced DPN This stereospecificity 
IS the same for both the transfei and the exchange reactions Of further 
interest is the fact that these results concermng stereospecificity show a 
similarity to the chemical reduction of DPN in D 2 O with dithionite In 
this non-enzymatic reduction the stereoisomers formed are approximately 
70 per cent in Form A and 30 per cent in Form B However, in both the 
transfer and the exchange reactions described here, it appears that the 
enzyme catalyzes the removal 01 exchange of hydi ogen or deuterium from 
Form A at approximately 30 per cent of the rate of Form B 

No identification of the stereoisomer of acetylpyridme DPND, formed 
in both the tiansfer and exchange reactions, was possible, as it is not known 
whether yeast alcohol dehydrogenase catalyzes the removal of hydrogen 
or deuterium from the same side of acetylpyiidine DPNH or acetylpyridme 
DPND as it does from DPNH or DPND This determination, therefore, 
awaits data on the stereospecificity of the oxidation of acetylpyridme 
DPNH catalyzed by yeast alcohol dehydrogenase The possibility that 
the observed stereospecificity is due to an isotope effect has been ruled 
out 
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In view of the findings piesented in tins and previous papers (1, 2), it 
maj'’ be pioposed that the election-tiansfeiiing system involves a series of 
reactions with (o) a diiect tiansfei of an election to a giouping on the 
enzyme foiming a reduced protein, (6) release of H+ to make a semireduced 
DPN, and (c) subsequent tiansfer of an eleetion to an acceptor The 
following is a schematic lepiesentation of the reactions involved in the 
catal 3 ^sis of tiansfer of elections fiom DPNH to acetylpyridine DPN, 
vhere X refeis to some leducible gioup on the enzyme 

1 3 

DPNH < \ enzjTne X , A acetylpyridine DPNH 

2 4 

H2O 

With D 2 O in the medium, the following reactions were shown to occur 
Reactions 1, 2, and 5 in the presence of enzyme and DPNH, and Reactions 
3, 4, and 5 with enzyme and acetylpyridine DPNH Reactions 1, 2, 3, 4, 
and 5 probably operate simultaneously when enzyme, DPNH, and acetyl- 
pyndine DPN are present However, as mentioned previously (2), the 
enzyme does not catalyze the reduction of DPN when acetylpyridine 
DPNH acts as electron donor, presumably because of an unfavorable 
potential 

The rate of exchange of hydrogen between DPNH or acetylpyridine 
DPNH and H 2 O in Reactions 1, 2, and 5 or in Reactions 3, 4, and 5 would 
be a function of the rate of transfer of electrons from DPNH to acetyl- 
pyridine DPN Therefore, it would appear that the means of clarifying 
the mechamsm of this tiansfer reaction would be to determine the rate of 
DPNH and acetylpyndine DPNH exchange with D 2 O, and, in knowing 
the rate of formation of acetylpyridme DPNH from DPNH and acetyl- 
pyridme DPN, the reaction sequence could be ascertained 
The confirmation of an electron tiansfer mechanism in the reaction was 
indicated by the experiments cited in Table II If a direct hydrogen 
transfer were involved, then the acetylpyridine DPNH isolated from the 
diaphorase-catalyzed transfer from DPND (Form A) or DPND (Form B) 
to acetylpyridine DPN would have been labeled with deuterium As was 
shown, this was not the case 

The present results reinforce the earher evidence that this transfer re- 
action IS different from that catal 3 '-zed by the Pseudomonas transhydro- 
genase which catalyzes a steieospecific, direct hydrogen transfer (16) 

Proof for an involvement of a reduced enzyme as the intermediate elec- 
tron earner is still lacking How’^ever, the enzyme-catalyzed exchange 
reaction between DPNH or aeetylpyridme DPNH and D 2 O suggests that 
such a mechamsm may be operating Further experiments are still essen- 
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tial before FAD can be definitely ruled out as the immediate acceptor of 
electrons from the reduced coenzymes 

SUMMARY 

1 With deuterium as a tracer, the reduction of acetylpyndine DPN by 
DPNH, catalyzed by pig heart diaphoiase, has been found to involve an 
electron rather than a direct hydrogen transfei mechamsm In addition, 
it has been shown that the enzyme also catalyzes an exchange between 
the hydrogen of DPNH or acetylpyndine DPNH and D 2 O 

2 Although the evidence does not show absolute enzymatic stereospec- 
ificity, the enzyme appears to have some selectivity for Side 2 of reduced 
DPN in catalyzing the transfer and exchange reactions This is the side 
opposite to that involved in the yeast alcohol dehydrogenase reaction 

3 Further evidence has been piesented to prove that the enzyme is 
different from the Pseudomonas transhydrogenase, and a scheme for the 
mechamsm of the reaction is presented 
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Iixformation on steroid coiicentiations in tissues is important for an 
understanding of the metabolism of these substances and also foi diagnos- 
tic purposes in ceitain clinical conditions Existing procedures for deter- 
mimng steroids, either singly or in mixtures, are based upon colorimetric 
methods or tedious bioassays The merits and hrmtations of these pro- 
cedures have been critically appraised (1-3), their principal drawbacks 
being lack of specificity and sensitivity This paper concerns the micio- 
estimation of steroid hormones and their metabohtes by enzymatic methods 
smtable for the measurement of these compounds in biological systems, and 
which appear to offer the promise of a high degree of sensitivity and spec- 
ificity Enzymatic steroid assays depend upon the quantitative intercon- 
version of certain hydroxy- and ketosteroids by highly purified DPNLhnked 
hydroxysteroid dehydrogenases prepared fiom Pseudomonas testosterom 
(4-6) The accompanying changes in DPNH concentration are determined 
spectrophotometrically at 340 m/i (7) and constitute a stoichiometric 
measure of the amount of steroid oxidized or reduced The enzymatic 
microestimation of steroids was demonstrated m 1953 (4) and its applica- 
tions extended when more highly purified hydroxysteroid dehydrogenases 
became available (6) The enzymatic estimation of urinary steroids has 
been reported briefly (8) The present paper contains a detailed exami- 
nation of the principles of the enzymatic measurements of steroids and 
considers their specificity, sensitivity, and accuracy 
At this time, two hydroxysteroid dehydrogenases are smtable for analyt- 
ical purposes by virtue of their purity and high activity and a knowledge 
of their substrate specificities The enzymes are highly active because of 
their inductive (adaptive) nature, and increases in specific actinty of 
several 100-fold have been easily achieved by adding various steroids to 
the growth medium (6) The substrate specificities of these hydroxy- 
steroid dehydrogenases have been described in detail (9, 10) In bnef, 

* This investigation was supported by grants from the American Cancer Society 
t Scholar in Cancer Research of the American Cancer Society 

* The following abbreviations are used DPN = diphosphopyridine nucleotide, 
DPN+ = oxidized diphosphopjTidine nucleotide, DPNH = reduced diphosphop 3 ’-r- 
idine nucleotide, DPNase = diphosphopyridine nucleotidase 
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Sa-hydroxysteroid dehydrogenase (designated as a enzyme) catalyzes the 
reversible oxidation of Sa-hydroxysteroids of the C 19 , C 21 , and C 24 senes, 
■whereas S/3- and 17 ^-hydroxy steroid dehydrogenase (designated as S enz 3 Tne) 
leversibly interconverts 3/3- and l7/3-hydro\ysteroids and the corresponding 
ketones In older to employ these enzymes for the accurate estimation 
of steroids in unne, blood, and othei tissues, a study of the factors influ- 
encing reaction equilibiia was undertaken with a view to estabhshing 
conditions under which conversions aie quantitative in the desired direc- 
tion and under which interference from reaction pioducts or inhibitors is 
neghgible 


EXPERIMENTAL 

Equilibrium Considerations 

The reactions catalyzed by these pyndine nucleotide-hnked dehydro- 
genases are of the general type 

\ \ 

CHOH + DPN+:;=i C=0 + DPNH + H-*- 

/ / 

The oxidations of steroids are freely reversible and the equihbria may 
be displaced to the right (/o? ward-reaction) or to the left (back-reaction) by 
employmg mass action principles 

Forward-Reaction — The quantitative conveision of a steroid alcohol to 
ketone is favored by raising the pH of the reaction mixture, increasing the 
DPN+ concentration, and adding a ketone-binding reagent The mfluence 
of pH on the velocity and equihbrium of the conversion of androsterone 
to androstane-3 , 17-dione by a enzyme is sho-wn in Fig 1 A high pH is 
advantageous in that the velocity of the oxidation is inci eased and eqm- 
hbrium is attained more rapidly Assurance of the displacement of the 
equflibrium to completion in the forwaid-reaction has been obtained by 
incorporating a ketone-bindmg reagent into the reaction mixture Hydra- 
zine IS both convement and effective in this respect, and its use is illus- 
trated in Fig 2, which shows the rate and equihbiium of the conversion 
of pregnane-3a,17a,21-triol-ll,20-dione to its corresponding 3-ketone in 
the presence of varying concentiations of hydrazine at pH 7 8 Hydrazine 
is -without sigmficant influence on the initial reaction rate, but high con- 
centrations of hydrazme permit the reaction to attain eqmhbrium more 
rapidly By using hydiazine (0 3 m final concentration) in a reaction 
mixture of pH 9 5, advantage is taken of the greater efficiency of the re- 
action between hydrazine and ketones in basic solutions Other ketone- 
combimng reagents such as hydioxylamine (final concentration 1 0 m) and 
semicarbazide (final concentration 0 5 m) were also effective in shifting the 
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equilibiiiuii, but these compounds inlubited the leaction rate of a enzyme 
slightly Hydio\ylamme is also undesiiable because of its leaction with 
DPN+ (11) 



Fig 1 Time course of the oxidation of androsterone to androstane-3,17-dione 
by a enzyme at varying pH values Reactions were carried out m 3 0 ml volumes in 
cuvettes containing 100 /tmoles of Sorensen’s phosphate (pH 6 18 to 8 01) or sodium 
pyrophosphate (pH 9 05 and 9 75) buffer, 0 5 ^mole of DPN+, 0 085 /zmole of andros- 
terone in 0 1 ml of CH3OH, and 33 units of a enzyme Optical densities were 
measured at 340 mfi at intervals against blank cells containing no steroid Tempera- 
ture, 25° 

Back-Reachon — The attainment of complete reductions of ketosteroids 
to steroid alcohols piesents a more complicated problem The equihbiium 
can be displaced in the desired diiection by increasing the DPNH concen- 
tiation and by lowering the pH (Table I) In practice, only limited use 
can be made of these factois, since DPNH is unstable m solutions more 
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acid than pH 5 5, and the concentration of DPNH must be kept qmte low 
in order to permit accurate measurement of the decreases m optical density 
However, for pure steroids the assays are satisfactory, as shown m Fig 3, 
which demonstrates the equivalence of assays of epiandrosterone in for- 
ward- and back-reactions 



Fig 2 Time course of the oxidation of pregnane-Sa.lTa, 21-triol-ll, 20-dione by 
a enzyme in the presence of varying concentrations of hydrazine (0 to 1 0 m final 
concentration), as measured by the formation of DPNH at 340 m/i The reactions 
were carried out in 3 0 ml volumes containing 100 ^imoles of Sorensen’s phosphate 
buffer, pH 7 8, 0 5 /imole of DPN+, 0 to 3 mmoles of hydrazine, and 0 130 /;<mole of 
steroid in 0 025 ml of CH3OH The reaction was initiated by the addition of 2150 
units of a enzyme (specific activity, 47,000 units per mg of protein) Temperature 
25° 


Two methods foi obtaimng complete leductions in the back-reaction 
were investigated By use of relatively large amounts of DPNH, the 
reduction of steroid was permitted to proceed to completion, the absorption 
of the excess DPNH at 340 mp was destroyed by addition of HCl to pH 1, 
and the DPN'^ was measured by its complex with cyamde in alkalme solu- 
tion (12) This gave satisfactory values with pure steroids, provided that 
the DPNH did not contain DPN+ If the concentration of enzymatically 
prepared DPNH was raised sufficiently to drive the reaction to completion, 
there was interference from the a isomer (13) of DPN+ which is present 
in enzymatically prepared DPNH, smce the a isomer reacted with cyamde 
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but was not i educed dunng the enzymatic pieparation In the chemical 
leduction of DPN+ with NanSiOj, both isomers leact, but, in order to 
obtain a pioduct suitable foi measurement of small amounts of steroids 



Fig 3 Enzymatic measurement of epiandrosterone with /3 enzyme by forward- 
reaction (O) and by back-reaction (■) Conditions for the forward-reaction were 
as follows 100 /xmoles of pyrophosphate buffer, pH 9 0, 0 5 /imole of DPN+, appro- 
priate amounts of epiandrosterone in 0 05 ml of CH3OH, all m a total volume of 3 0 
ml Reactions were initiated by addition of 0 02 ml of /3 enzyme (118 units of spe- 
cific activity 15,300 units per mg of protein) Increases in optical density at equili- 
brium were determined at 340 m/t Back-reactions were carried out in 3 0 ml volumes 
containing 100 /imoles of Sorensen’s phosphate buffer, pH 5 5, 0 5 /nmole of chemically 
reduced DPNH, appropriate amounts of epiandrosterone in CH3OH, and /3 enzyme 
as in the forward-reaction Decreases in optical density (340 m/n) were measured at 
equilibrium against a blank containing no steroid and set for an optical density of 
0 250 Temperature 25° 

m the back-reaction by the cyanide complex, virtually aU traces of DPN+ 
must be eliminated, and this presents a goal not easily achieved m routme 
preparations 

An alternative method for attaimng completion in the reduction of 
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steroid ketones is the removal of the oxidized DPN+ formed dunng the 
reaction by DPNase from zmc-deficient Neurospora (14) This enzyme 
selectively sphts the mcotinamide-nbose hnkage of the oxidized coenzyme 
only, and has been recently used to shift the eqmlibrium m the manmtol 
phosphate dehydrogenase system of Escherichia coh (15) Neurospora 
DPNase has a wide pH optimum, is relatively stable, and easily prepared 
These considerations make the addition of DPNase a smtable and con- 
vement method for attaimng the desired equihbrium displacement A 
comparison of the efficacy of Neurospora DPNase and pH changes m shift- 


Table I 

Effect of DPNase and Changes tn pH on Equilibrium of Reduction 
of Androstane-Sin-dione to Androsterone by a Enzyme 


pH 

Equilibrium decrease in optical 
density (340 m;i) 

Per cent completion of 
reduction 

5 50 


94 9 

6 52 


78 1 

7 58 


67 1 

8 08 


62 1 

8 02 -b DPNase 

0 137 

100 


Reactions were earned out at 25° in 3 0 ml reaction volumes in 1 cm light path 
cuvettes containing 100 /nmoles of Sorensen’s phosphate buffer of indicated pH, 
0 12 /nmole of chemically reduced DPNH (initial optical density approximately 
0 250), 0 066 /nmole of androstane-3,17-dione in 0 05 ml of CH3OH, and 1290 units 
of a enzyme (specific activity 47,000 units per mg of protein) Equilibrium was 
attained in 1 to 5 minutes (depending upon pH) 210 units of DPNase were added in 
the last instance Readings were made against a blank containing no DPNH, and 
compensation was made for the slow spontaneous drop in optical density which the 
DPNH undergoes during the reaction time All reactions were run in duplicate 
and mean values are given 

ing the equilibria is shown in Table I The reduction of androstane-3,17- 
dione to androsterone was studied imder the conditions indicated, at pH 
8 08 the reduction was only 62 1 per cent complete, whereas the addition 
of DPNase shifted the eqmhbrium to completion, a condition not even 
attained by lowering the pH to 5 5 The advantages of using DPNase 
he in that contamination of DPNH by DPN+ is not objectionable, and 
the concentration of DPNH may be low (about 0 03 /imole per ml ), thereby 
increasing the accuracy of the differential measurement 
Equilibrium Constants of Steroid Oxidations — The equilibrium constants 
involved m certain steroid oxidation-reductions have been measured with 
the aid of a and /3 enzymes * The values are of some theoretical interest 

^ Talalay, P , and Hurlock, B , unpublished observations 
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111 pro\ading information on the energy diffeiences between axial and equa- 
torial substituents (16) The eqmhbrium constants (K-b) for these re- 
actions have been defined as follows (17) 



Values of Ku for the oxidation of vaiious equatorial 3-hydroxyl groups 
range from 0 9 to 2 1 X 10“® and for axial 3-hydroxyl groups from 6 7 to 
7 5 X 10“® The equihbrium constant for the oxidation of the “quasi”- 
equatonal 17j8-h3'^dro\yl group of testosterone was found to be 37 8 X 10~® 
From these value ranges it may be calculated that, in a system contaimng 
imtially 0 50 nmole of DPN+, 0 10 jumole of steroid, and with pH 9 5, a 
l7/3-hydrox3’^steroid voU be 100 per cent oxidized Under these conditions, 
an axial 3-hydroxysteroid will be 99 0 to 99 3 per cent oxidized, whereas 
an equatorial 3-hydroxysteroid will be 93 4 to 96 4 per cent oxidized In 
the back-reaction, 0 05 jumole of 17-ketosteroid in a reaction system con- 
taimng 0 1 /imole of DPNH at pH 6 0 will be 96 per cent reduced at equi- 
hbnum These calculations assume no reaction product to be present 
imtially, and do not include effects of hydrazine (forward-reaction) or 
DPNase (back-reaction) 

Sensitivity, Specificity, and Applications 

Sensitivity — The sensitivity of enzymatic assays is largely dictated by 
the spectrophotometnc equipment, the physical dimensions of the cuvettes, 
and the reaction volumes employed In routine measurements, which 
utihze 1 0 cm hght path absorption cells, the volume may convemently 
be varied from 0 2 ml to 3 0 ml The smaller volumes reqmre the use of 
imcrocuvettes (18) By assuming a desired optical density change of at 
least 0 030, the mimmal quantity of steroid accurately measurable is 0 001 
Mmole, or about 0 3 7 Possibihties of increasing the sensitivity consist 
of either wor kin g in smaller reaction volumes (18, 19) or of using fluores- 
cence measurements which can detect extremely small amounts of DPN+ 
and DPNH (20) Fig 4 shows the measurement of 0 2 to 1 0 7 of estradiol- 
3,17/3 by oxidation to estrone with 0 enzyme 

Assay of Steroid Mixture — The estimation of single steroids m pure 
solutions has been amply illustrated in this paper as well as previously 
(4, 9) In order to examme the smtability of these enzymatic techmques 
for mixtures of steroids, solutions of four pure steroids m methanol were 
prepared All compounds were of high punty, and their concentrations 
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were determined by a or |8 enzymes in the forward-reaction m at least two 
assays for each, solution The steroids used, and their concentrations by 
enzymatic assay, were as follows androsterone 2 84 jumoles per ml , epi- 
androsterone 0 56 jumole per ml , dehydroepiandrosterone 0 56 //mole per 
ml , and pregnane-3a , 17a: , 21-triol-ll , 20-dione 0 68 jumole per ml Accord- 



Fig 4 Estimation of estradiol -3, 17/3 by oxidation to estrone with /3 enzyme 
Reactions were carried out in 1 0 cm light path microcuvettes in total volumes of 
0 2 ml , containing 5 jumoles of sodium pyrophosphate buffer, pH 9 0, 0 05 ^mole of 
DPN+ and varying amounts of estradiol -3, 17/3 in 0 02 ml of CH3OH The reac- 
tions were initiated by the addition of 49 units of /3 enzyme (specific activity 24,400 
units per mg of protein) in 0 005 ml Optical density readings were taken at 340 m^» 
against blank cells containing all ingredients except steroid Each point represents 
the mean of two measurements Temperature 25° 

ing to these assays the steroids varied from 94 0 to 99 5 per cent m punty 
on the basis of weight Equal volumes of the four steroid solutions weie 
then mixed and ahquots of the mixture assayed at three concentrations 
in the forward-reaction, first a enzyme and then /3 enzyme being used 
The l7-ketosteioids were determined separately with /? enzyme by the 
cyanide complex-foraung method The assays aie reproduced in Fig 5, 
which shows linearity with steroid concentration and reasonable agieement 
with calculated values Table II gives the average values of the assays 
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Fig 5 Analysis of a steroid solution prepared by mixing equal volumes of solu- 
tions of androsterone (2 84 ^imoles per ml ), epiandrosterone (0 56 /umole per ml ), 
dehydroepiandrosterone (0 56 pimole per ml), and pregnane-3a;,17a,21-triol-ll,20- 
dione (0 68 ftmole per ml ) in CHjOH The left graph demonstrates the amount of 
DPNH formed as a function of the volume of the steroid solution in the forward-reac- 
tion with a and /3 enzymes The right graph is the amount of DPNH reoxidized in 
the back-reaction with /3 enzyme by varying volumes of the steroid solution The 
lines are drawn so as to indicate the expected amounts according to the individual 
concentration of steroids in each solution before mixing Temperature 25° 


Table II 

Enzymaitc Assay of Steroids in Mixture Containing Androsterone, Epiandrosterone, 
Dehydroepiandrosterone, and Pregnane-Sa, 17cc,21 -triol-1 1 ,80-dione in Methanol 


Group assayed 


Steroid per ml of mixture, mpmoles 


Calculated* Per cent discrepancy 



3q! -H ydroxyl 860 

30-Hydroxyl 273 

17-Ketone 963 


* Calculation is based on enzymatic assay of solutions of individual steroids be- 
fore mixing See the text for the design of the experiment 
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and the amounts calculated The assays of functional groups in the mix- 
ture were from 2 5 to 3 7 per cent below the calculated values 

Purity of Steroids — During the course of this work, a number of steroids 
with 3a-, 3/3-, and 17/3-hydioxyl groups were assayed by the appropriate 
enzymes, under conditions which assured complete oxidations The com- 
pounds were beheved to be of the highest purity, on the basis of prepara- 
tive history, physical constants, elementary analyses, and infrared and 
ultraviolet absorption spectra, as well as in some cases by paper chroma- 
tography These compounds were either prepared m our laboratory or 
obtained from other investigators By enzymatic assay the punty of 
these compounds varied from 79 5 to 100 2 per cent according to weight 
In many assays, a known amount of a steroid, pure by enzymatic assay, 
was added at the end of the reaction, and m each case the added steroid 
was assayed precisely in the presence of steroids of varying purity Since 
the molar extinction coefficient of DPNH is knovm accurately from many 
independent measurements (21), enzymatic steroid measurements provide 
a convement method for determimng the punty of certain steroids and 
contamination by isomers These deterrmnations of pmity are not depend- 
ent upon other steroids but merely upon accurate knowledge of the extinc- 
tion coefficient of DPNH Contammation of steroids by closely related 
compounds beanng similar functional groups cannot be detected by en- 
zymatic measurement 

Analysis of Chromatographic Fractions — Enzymatic methods for the 
analysis of steroids have been useful foi the estimation and identification 
of steroid fractions eluted fiom paper chromatograms or fiom chromato- 
graphic columns The latter procedme is illustrated by the chromato- 
graphic separation of 400 7 each of 4-androstene-3,17-dione, dehydroepi- 
androsterone, and testosterone by gradient elution on a column of sihcic 
acid (Malhnckrodt, S1O2 xHjO) A column measunng 103 mm long by 
11 mm m diameter was packed from a slurry of sihcic acid in hexane and 
chloroform (1 1 by volume), and the steroids were apphed in a small 
volume of the same solvent mixture to the top of the column A reser- 
voir, 300 ml capacity, provided with a magnetic stirrer was filled vith 
this solvent mixture and connected to the column The gradient of more 
polar solvents was established by introducing into the mixmg flask meth- 
anol and chloroform (1 99 by volume) 5 0 ml fractions were collected, 
evaporated to dryness, and redissolved in methanol, and ahquots were 
used for enzymatic analysis with /3 enzyme (for dehydroepiandrosterone 
and testosterone) and by ultraviolet absorption measurements (for 4- 
androstene-3,17-dione and testosterone) (Fig 6) The total recoveries of 
all three steroids were 95 to 100 per cent, and the agreement between ultra- 
violet absorption and enz3miatic analyses (for testosterone) was better than 
5 per cent 
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Specificity of Measuiements — Since a and /8 enzymes carry out highly 
selective and stereospecific oxidation-reductions, it is possible to obtain 
much information on the qualitative and quantitative composition of 
steioid mixtures bj”- appiopiiate sequential enzymatic oxidations and re- 
ductions Thus, a enz 3 'me in the foiwaid-ieaction measures total 3a- 
hydrox 3 d groups of the Cig, Cgi, and C 24 steroids In the forward-reaction, 
P enz3mie measures 3/3-hydroxyl plus 17/3-hydioxyl groups In the back- 



Fig 6 Chromatography of 4-androstene-3,17-dione (AD), dehydroepiandros- 
terone (DEA), and testosterone (TESTO) on silicic acid by gradient elution, as 
described in the text The fractions (5 ml each) were analyzed by ultraviolet ab- 
sorption ( — ) and enzymatic reaction with p enzyme ( ) 

reaction, a enzyme measures 3-ketosteroids only, whereas p enzyme reduces 
both 3- and 17-ketosteroids, provided that the ketomc groups are not in 
conjugation with a double bond In the back-reaction, if a enzyme is 
used first and then followed by P enzyme, it becomes possible to obtam 
individual measurements of 3- and 17-ketosteroids 

In the f 01 ward-reaction, 3j3- and 17/3-hydroxyl groups are measured 
together, hence a 3jS,l7/3-dihydroxysteroid wiU cause the formation of 2 
eqmvalents of DPNH for each mole of steroid Independent measurement 
of 3j8-hydroxyl and 17/3-hydroxyl groups may be obtained by measuring 
the 3-ketone groups with a enz 3 me m the back-reaction, before and after 
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oxidation of the steroid mixture with /3 enzyme, thus the increase m 3- 
ketosteroids will be eqmvalent to the 3/3-hydroxysteroids originally present 
Some of the functional groups which may be measured are listed m Table 
III In addition, by the use of the very active steroid isomerase (22) 
which usually contaminates both a and /3 enzymes, it is possible to measure 
the specific increase in absorption at 248 m/i (Xmax of a,/3-unsaturated 
ketones m HoO) and thereby obtain the increase in the a,/3-unsaturated 
ketones follovung the oxidation of jS.y-unsaturated 3 q:- or 3j3-hydroxy- 
steroids This measurement should be useful for measunng dehydro- 
epiandrosterone (5-androsten-3/3-ol-l7-one) and 5-pregnen-3j8-ol-20-one 


Table III 


Groups determined 

Reaction 

Sa-Hydroxyls 

a. enzyme, forward-reaction 

3/3- -f 17/3-hydroxyls 

/3 enzyme, forward-reaction 

3-ketones (noJ a, /3 -unsaturated) 

a enzyme, back-reaction 

3- -h 17-ketones {not «,/3 -unsaturated) 

/3 enzyme, back-reaction 

17-Ketones 

^ enzyme in back-reaction, after a enzyme 
in back-reaction 

3/3-Hydroxyls 

Measure 3-ketones with a enzyme before 
and after oxidation with /S enzyme (3/3- 
hydroxyls by difference) 


DISCUSSION 

The estimation of a variety of biochemical substrates by pyridine nucle- 
otide-hnked dehydrogenases has become a well recogmzed procedure 
Enzymatic methods have proved especially suitable for steroid deterimna- 
tions foi a number of reasons (1) The substrate specificity of bacterial 
a- and /3-hydroxysteroid dehydrogenases coincides vnth the most important 
steroid metabohtes found m ammal tissues (2) The reactions catalyzed by 
these enzymes are readily reversible, and the eqmhbria can be easily dis- 
placed to completion in the desired direction (3) The enzymes are satu- 
rated at very low steroid concentrations, and reasonable reaction velocities 
dunng the assays are maintained (10) (4) Enzymatic assay methods are 

highly specific, and the spectrophotometnc methods are very sensitive 
These last factors are indispensable in any analytical procedure requiring 
the measurement of minute quantities of specific metabohtes m the pres- 
ence of large quantities of a variety of other biological constituents 

In contrast to colorimetric methods based on chemical reactions such as 
the Zimmermann method for 17-ketosteroids (1), the enzymatic methods 
reported here offer several advantages m addition to those listed above 
The measurements depend upon specific changes m hght absorption at 
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340 mp, undei conditions which lesult in no unpredictable changes at 
other wave lengths These changes in light absorption are, unlike those 
in many chemical methods, due to changes in concentration of DPNH, a 
well defined compound of known extinction coefficient and absorption 
maximum In many chemical methods, the piecise nature of the colored 
complex IS unknown and there may be relatively large variations in ex- 
tinction coefficient and maximal absoiption wave length foi different 
steroids Thus, in the Zimmermann reaction, if 100 be taken as the rela- 
tive extmction of dehydroepiandiosteione, equal amounts of other steroids 
give color equivalents from 65 to 130 (23) Moreover, the rate of forma- 
tion of the coloied complex depends upon many factors such as concentra- 
tion of alcohol, alkali, length of coloi development, and temperature 
Thus, m steroid mixtures, the total amount of color produced depends not 
only upon the amount of steroids, but also upon the proportion of different 
steroids and the conditions of color development 

The high degree of specificity of enzymatic reactions offers the advantage 
in many biological systems that unknown non-steroidal compounds 
which may be present are not hkely to interfere Thus, m the case of 
urinary steroid determinations, large non-specific “background” colors are 
produced when urine is tieated with the Zimmermann reagents (KOH and 
m-dimtrobenzene) Many empirical attempts to correct these colors by 
differential spectrophotometry have not proved entirely satisfactory (1) 
In contrast, the addition of a few micrograms of enzyme protein to even a 
pigmented solution has been found not to alter the absorption spectrum 
appreciably in the region measured 

The sensitivity of these enzymatic methods approaches that required 
for the measurement of tissue concentrations of steroids Enzymatic 
estimations with a and /3 enzymes permit the measurement not only of 
ketosteroids but also of hydroxysteroids for which no sensitive and specific 
methods have thus far been available We visualize the discovery of 
further hydroxysteroid dehydrogenases specific for positions other than 3 
and 17 on the steroid skeleton Such enzymes may be of value m extend- 
ing these methods for the deteiimnation of the quantitative and qualita- 
tive composition of steroid mixtures 

Methods and Materials 

a- and |8-hydroxysteroid dehydrogenases were prepared according to 
improvements of methods previously described (9) The addition of an 
acetone fractionation at —10 to —20°, after the first ammonium sulfate 
and piotamme steps, has impioved the purity of the enzymes so that 
enzymes of specific activities of 70,000 to 100,000 umts pei mg of protem 
have been obtained routmely before the calcium phosphate gel ste 
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Neurospora DPNase was prepared according to Kaplan (24) and had an 
activity of 52,000 units per ml , and 4 2 mg of protein per ml The DPN+ 
was purchased from the Pabst Laboratories, Milwaukee, Wisconsm, and 
assayed 85 per cent DPN+ on a basis of weight (assummg a molecular 
weight of 663) DPNH was prepared either by reduction of DPN+ with 
alcohol dehydrogenase and ethanol (25) or by reduction with sodium hy- 
drosulfite (26) Steroids were all checked as to identity and punty by 
meltmg pomt and optical rotation Purifications of steroids were earned 
out whenever necessary AU the solvents were ledistilled analytical re- 
agent products Hexane was purified by treatment with concentrated 
H2SO4 and alkahne ICMn04 and distfiled through a fractionatmg column 
Hydrazme sulfate was Baker’s analyzed reagent grade 
Assays of hydroxysteroids by the f 01 ward-reaction were earned out 
usually m 3 0 ml reaction volumes in cuvettes contammg 100 ^moles of 
sodium pyrophosphate buffer (final pH 9 5), 0 5 praole of DPN+, 1 0 mmole 
of hydrazme sulfate (previously adjusted with NaOH to about pH 95), 
0 01 to 0 1 /imole of steroid m 0 1 ml of CH3OH, and sufficient enzyme to 
achieve eqmhbnum in less than 15 minutes Readings were taken against 
a control cuvette contammg all ingredients except steroid Measure- 
ments were based on the increments in optical density at 340 m/x at eqm- 
hbrium The molar extinction coeflScient of DPNH at 340 m^ was assumed 
to be 6220 (21) 

Assays of ketosteioids by the cyamde complex were earned out in 2 45 
ml reaction volumes contaimng 100 jumoles of Sorensen’s phosphate buffer, 
pH 5 5, approximately 0 1 /imole of DPNH (chemically reduced), 0 01 to 
0 10 ml of methanol solution of steroid, and sufficient enzyme to achieve 
eqmhbnum m 10 to 15 minutes The imtial optical density was about 
0 250 Optical density measurements at 340 m/i were taken against a 
control cuvette contaimng all ingredients except steroid When no fur- 
thei decrease in optical density occurred, 0 05 ml of 6 n HCl was added 
to control and experimental cells which destroyed all the absorption at 
340 m/i 0 5 ml of 5 N KCN m 1 0 n KOH was then added to all 
cells and the optical density again measured at 340 mju The assay was 
based on the increase in optical density upon addition of the cyamde A 
molar extinction coefficient of 5150 was assumed for the DPN+-cyamde 
complex at 340 m/i (12) 

Assays of ketosteroids in the back-reaction with DPNase were earned 
out in 3 0 ml reaction volumes contaimng 100 /imoles of Sorensen’s phos- 
phate buffer, pH 5 5, 0 1 /imole of DPNH (cheimcally or enzymatically 
reduced), 200 umts of Neurospora DPNase, 0 1 ml of methanol solution 
of steroid, and sufficient enzyme to obtain complete reduction in less than 
15 minutes Optical density readings were taken at 340 m/i against a 
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control containing no DPNH, an additional control containing all ingre- 
dients except steroid was also included Measui ements weie based on 
the decrease in optical density in the expeiimental cell at equilibnimi, com- 
pensated for small spontaneous reductions in optical density occurring in 
the control contaimng no steioid 

Ultranolet absoiption measurements weie made in quaitz cuvettes of 
1 0 cm hght path in a Beckman DU spectrophotometer Microcells and 
a special carriage constiucted aceoiding to Lowiy and Bessey (18) were 
supphed by W H Kessel and Company, Chicago, Ilhnois 

StJMMARY 

The sensitive and specific nucioestimation of steroids by means of a- 
and /3-hydro\ysteroid dehydrogenases has been described Factors in- 
fluencing the eqmlibria of the leactions catalyzed by these enzymes have 
been examined Conditions for obtaimng complete oxidations of hydroxy- 
steroids or reductions of ketosteroids have been established Quantitative 
oxidations of steroids have been obtained by using a high pH and adding 
a ketone-bindmg reagent Complete reductions of ketosteroids have been 
achieved by the destruction with DPNase of DPN+ formed in the reac- 
tion The enzymes have been employed for the estimation of 3a-, 3/?-, 
and 17i3-hydroxysteroids as well as 3- and 17-ketosteroids, singly as well 
as m mixtures The sensitivity of the method is about 1 m^mole of ster- 
oid The methods have been illustrated by the measurement of single 
steroids, steroid mixtures, and chromatographic fractions These pro- 
cedures are also apphcable to the determination of steroid purity and con- 
tammation by isomers 

Some of the steroids used in these studies were generously donated by 
Dr A Zaffarom, Syntex, S A , Mexico, and Dr E W Meyer, The Glid- 
den Company, Chicago The authors are grateful to Mr R C Leek for 
aid in developing the system for sihcic acid chiomatography of steroids 
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THE EICOSAPOLYENOIC ACIDS OCCURRING IN THE 
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Polyunsaturated fatty acids occurring in animal tissues have been shown 
to be essential to linng processes Although many members of this group 
are knoAvn to exist m nature, diffeimg by chain length and number and 
position of double bonds, few of the acids have been adequately charac- 
terized Knowledge of the function and metabolism of these substances 
is meager, partly because methods of then detection and measurement are 
primitive The best methods for their analysis lack standard values de- 
termined upon pure acids Thus far, no preparations of these acids whose 
structures are known with certainty, and whose purities have been tested 
rigorously, have been adequately characterized by alkali isomerization 
It IS thus of importance to isolate pure acids of known structure and to 
utihze them as analytical standaidsm the existmg methods of analysis for 
polyunsaturated fatty acids This report describes some unsaturated 
acids of chain length of 20 carbon atoms which occur m the phosphatides 
of beef liver The isolation and determination of structure of these acids 
were performed m the Institute of Physiological Chemistry of the Um- 
versity of Cologne, whereas the characterization of the acids by means of 
alkahne isomerization and paper chromatography was carried out at the 
Hormel Institute 


EXPERIMENTAL 

The total hpides of beef hver were extracted with cold acetone and hot 
chloroform-methanol, and the phosphohpides were isolated by precipita- 
tion vuth acetone from a concentrated solution in diethyl ether The 
acids of the phosphohpides were converted to methyl esters by acid meth- 
anolysis The mixed esters were sapomfied mth 0 5 n NaOH, the un- 
sapomfiable matter was removed, and the freed fatty acids were frac- 

* Supported in part by grants from the Deutsche Forschungsgemeinschaft, the 
Office of Naval Research, United States Navy Department, and the National Dairj’' 
Council (Chicago) Hormel Institute publication No 149 
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tionated by the low temperature ciystallization method of Brown and 
Shmowara (1) From 1 41 kilos of phosphatides, 301 gm of highly un- 
saturated fatty acids were obtained, with an lodme value of 270 The 
methyl esters of these acids were fractionated by distillation at 10~^ mm 
pressure m a vacuum-jacketed column packed with small wire screen 
saddles made of VaA stamless steel (2) Two distillations were required to 
obtain pure Cao polyenoic esters, only those fractions which gave pure eico- 
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280 340 400 460 520 580 640 

FRACTION 


Fig 1 


12 3 4 5 

DOUBLE BONDS 

Fig 2 


Fig 1 Separation of eicosapolyenoic acids by countercurrent distribution 
Fig 2 Paper chromatography of pure eicosapolyenoic acids The mono- and 
dienoic acids were isolated from rape seed oil The spots on the developed chromato- 
gram were made visible by iodine vapor and vere contact-printed on Kodagraph 
paper, a procedure which gives a permanent record and increases the contrast be- 
tween spot and background, thereby making detection of faint spots easier 


sanoic acid after hydrogenation and sapomfication bemg retamed The 
yield was 27 gm of esters, the fractions of w'hich had lodme values of 282 
to 292 The total quantity of C 20 acids present m the original mixture of 
highly unsaturated acids was several times this amount 
The mixture of eicosapolyenoic acids w as resolved mto its mdividual com- 
ponents by means of a 200-stage fully automatic countercurrent distribution 
apparatus according to the method of Ahi’ens and Craig (3) The epiphase 
was n-heptane, and the hypophase was acetomtrile-acetic acid-methanol 
(1*1 1) Each stage contamed 25 ml of epiphase and 25 ml of hypophase 
Epiphase was passed over the hypophase imtil the fractions no longer con- 
tained fatty acid For descnbing the partition curve, 2 ml portions of 
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every second or tlnrd fraction were taken for measurement of bromme up- 
take accordmg to the method of Rosenmund and Kuhnhenn (4) (Fig 1) 
To find the limits of individual acid zones, smgle fractions were chosen ac- 
cording to the distiibution cuive and evapoiated to dryness, and their ul- 
traviolet absoiption curves veie determined qualitatively after isomeiiza- 
tion (5) By means of spectial data, fi actions were combmed as shoivn in 
Fig 1 Composite Fraction Ab v as found to be hexaene-free pentaenoic 
acid. Fraction A4 pentaene-fiee tetiaenoic acid (arachidonic acid), and 
Fraction A3 tetraene- and pentaene-free trienoic acid Each of these frac- 


Table I 

Characterization and Identification of Bicosapolyenoic Acids 



Fraction As 
(eicosapen- 
taenoic acid) 

Fraction Ai 
(eicosatet- 
raenoic acid) 

Fraction At 
(eicosatnenoic 
acid) 

Iodine value, observed* 

378 

320 

233 

“ “ calculated 

Equivalent weight saturated acid, observed. 

419 

333 4 

248 5 

gm 

Equivalent weight saturated acid, calculated, 
gm 

312 5 

312 4 

312 

312 

Melting point saturated acid, °C 

Mixed melting point with n-eicosanoic acid (f p 

74 2 

74 4 

73 8 

73 1), °C 

73 8 

74 

73 8 

Double bonds indicated by isomerization 

5 

4 

3 

“ “ “ “ degradation (6) 

5 

4 

3 

Position double bonds indicated by degradation 

5, 8, 11, 
14, 17 

5,8, 11, 14 

8, 11, 14, 

5, 8,;i 


* Iodine values obtained by the method of Rosenmund and Kuhnhenn are lower 
than those obtained by other methods 


tions was contammated with stopcock grease, which was easily removed as 
unsaponifiable matter From 3 82 gm of mixed eicosapolyenoic acids, 0 47 
gm of pentaenoic acid (Fraction Ab), 1 39 gm of tetraenoic acid (Fraction 
A4), and 0 39 gm of trienoic acid (Fi action A3) were obtained It was as- 
sumed that Fractions 280 to 385 consisted of pentaenoic acid, Fractions 386 
to 519 of tetraenoic acid, and Fiactions 520 to 564 of trienoic acid The 
composition, calculated from the distribution curve and bromme uptake 
data, was thus eicosapentaenoic acid 16 pei cent, eicosatetraenoic acid 53 
per cent, eicosatnenoic acid 21 per cent, and umdentified substances 10 per 
cent 

The unsaturated acids were degraded through ozonization Chroma- 
tographic analysis of the resultmg dicarboxyhc acids accordmg to Klenk 
et al (6, 7) gave the foUowmg molar ratios glutanc acid to malomc acid. 
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0 81 2 44 for Fraction Ab, glutaric acid to malonic acid, 0 79 1 87 for Frac- 
tion A 4 , and glutaric acid to subeiic acid to malonic acid, 0 15 0 72 1 1 for 
Fraction A 3 As has been shown previously ( 8 ), the double bonds of these 
polyunsatuiated acids aie exclusively of the methylene-interrupted type 
(skipped unsaturation) The acids are, therefore, 5,8,11,14,17-eico- 
sapentaenoic, 5,8,11,14-eicosatetraenoic (arachidomc), and a mixture of 



250 300 350 p 


Fig 3 Ultraviolet absorption spectra of eicosapolyenoic acids after isomeriza- 
tion according to the procedure of Herb and Riemenschneider (5) Curve 3, eico- 
satrienoic acid, Curve 4, eicosatetraenoic acid, Curve 5, eicosapentaenoic acid 
The lower curves were obtained before isomerization, and the upper curves after 
isomerization 

8,11,14-eicosatrienoic and 5,8,11-eicosatrienoic acids 5,8,11-Eicosa- 
trienoic acid comprised about 10 to 20 per cent of the triene acids The 
substances are all thm, clear, and shghtly colored oils The three acid 
preparations were chromatographed on paper by the method of Mangold 
et al (9) and showed no evidence of contamination with acids of higher 
or lower degrees of unsaturation A paper chromatogram on which these 
acids were run beside samples of eicosadienoic acid and eicosenoic acid 
from rape seed oil is shown m Fig 2 This evidence, together with the 
spectral curves, mdicates that the acids are of a high degree of punty 
Charactenzation of these substances is summanzed m Table I 
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Approximately 30 to 50 mg of each of the purified fatty acids weie dis- 
solved in 10 ml of air-fiee ethanol, and the ultraviolet absorption spectra 

Table II 


Extinction Coefficients, k, and Standard Deviations of Isomenzed 
Eicosapolyenoic Acids 


Method of isomerization 

Wave length, m/i 

37S 

372 5 

346 

345 

315 

300 

270 

268 

233 

232 5 

Eicosatnenoic acid 

Holman -Burr (10)* 







52 8 



57 5 








±4 5 



±2 8 

Wiese-Hansen (11) 







37 4 



55 4 








±1 2 



±2 4 

Herb-Riemenschneider (5) 








72 1 

59 5 










ESIK 



Holman (12) 








laB 

56 7 










±1 6 

±2 3 


Eicosatetraenoic acid 

Holman-Burr (10) 






61 9 

62 8 



52 1 












Wiese-Hansen (11) 






48 9 

48 1 



62 1 








±0 9 




Herb-Riemenschneider (5) 





69 7 



47 1 








±2 5 



±1 7 

±3 7 


Holman (12) 





68 7 



44 1 

33 2 







±0 6 






Eicosapentaenoic acid 

Holman-Burr (10) 


5 2 


66 8 


57 5 

54 6 



47 5 



±0 5 


±4 4 


±1 4 

±2 5 



±1 6 

Herb-Riemenschneider (5) 

4 4 


74 2 


71 2 



32 9 

37 0 





±1 4 





±1 7 

±2 0 


Holman (12) 

2 9 


67 1 


62 8 



27 5 

30 8 










±1 4 

±2 4 



* Bibliographic reference numbers 


were measured upon these solutions Aliquots of 1 ml were evaporated to 
dryness in petticups under nitrogen and were used as samples for isomeri- 
zation accordmg to the methods of Herb and Riemenschneider (5) and 
Holman and Burr (10) A portion was diluted 10-fold, and ahquots were 
isomenzed by the methods of Wiese and Hansen (11) and Holman (12) 
The complete spectra (Fig 3) of the three acids after isomerization by 
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the procedure of Herb and Riemenschneider (5) indicate that each acid is 
free from its next more unsaturated vinylogue The extmction coeffi- 
cients of the three acids after isomerization by four methods are hsted in 
Table II The constants, which have been coirected for background ab- 
sorption, can be used as standards for the analysis of these substances with 
the respective methods 

When the isomenzation undei the conditions of Holman (12) was con- 
tmued for vaiying penods of time, the time for development of mAximal 
chaiactenstic absorption vaned fiom acid to acid The optimal time for 
eicosatrienoic acid isomerization is 20 minutes The absorption versus 
time curve for arachidonic acid has high values for conjugated tetraene 
between 10 and 20 nnnutes The absorption versus the time curve for 
eicosapentaenoic acid has a sharp apex at 12 mmutes These data are 
discussed and compared with those for other acids m the descnption of 
the method (12) 


DISCUSSION 

Recently a concept has developed that the polyunsaturated fatty acids 
occur m famihes related either to hnoleic acid or to hnolemc acid (13-15) 
If one counts the unsaturation from the methyl end of the fatty acid mole- 
cule, he finds that those acids which cure skin symptoms of essential fatty 
acid deficiency (for example, hnoleic and arachidomc acids) have their 
first double bonds after the 6th carbon atom The other polyunsaturated 
fatty acids have their first double bonds aftei the 3rd carbon atom, and 
these have only the growth-promoting activity Similarly, the pentaenoic 
acid isolated m this study has the 3,6,9,12,15-pentaene structure which 
IS related to the 3,6,9-unsaturated system of hnolemc acid This agrees 
with the observations that pentaenoic acid probablj’’ is denved from hno- 
lemc acid (16) The tetraenoic acid and the chief trienoic acid herem de- 
scribed have the termmal structure related to hnoleic acid Arachidomc 
acid IS known to derive from hnoleic acid (16, 17), and it is the most ac- 
tive essential fatty acid In this study, the eicosatrienoic acid found in 
greatest abundance has a termmal structure related to hnoleic acid, and 
probably is an mtermediate m the conversion of hnoleic acid to arachi- 
domc acid It could arise from hnoleic acid by addition of one acetate 
group and by one dehydrogenation between the existmg unsaturation and 
the carboxyl group 

The mmor trienoic acid, 5, 8, 11-eicosatnenoic, has been previously iso- 
lated from the hpides of fat-deficient rats by Mead and Slaton (18) It is 
probably this trienoic acid which appears m the serum and tissues of a va- 
riety of n mmals when they become deficient m essential fatty acids It 
appears that this substance is a normal mmor constituent of hver hpides 
which merely mcreases durmg deficiency Because its structure is not 
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similar to that of linoleic acid, and because it is found in deficient ani- 
mals, it IS probablj’’ inactive as an essential fatty acid This acid has a 
terminal structuie winch relates it to oleic acid, for its first double bond, 
counting fiom the method end gioup, is at the 9th carbon atom This 
suggests that the polyunsatuiated acids may be divided into at least three 
groups 

The counteicuirent distiibution curve of the eicosapolyenoic acids sug- 
gests that eicosadienoic and eicosenoic acids are also present m the hver 
phosphatides of cattle, but positive identification of the two final small 
fractions obtained (Fig 1) was not made 

The ultraviolet absorption spectra of the native acids mdicate that they 
are notably fiee from prefoimed conjugation Eicosatrienoic acid, the 
least puie in this regard, was estimated to contain less than 6 per cent 
conjugated diene The spectra of the isomeiized acids mdicate that each 
acid IS free from more highly unsatuiated contaminants The paper chro- 
matogram confirmed this, and, moreover, showed no less unsaturated con- 
tammants The ultraviolet spectra of the isomerized acids mdicated that 
the absorption maxima occur at the wave lengths reported by Herb and 
Riemenschneider (5) The wave lengths specified m the methods of Hol- 
man and Burr (10) and Wiese and Hansen (11) were chosen from the spec- 
tra of less pure materials It appears that their measurement of tetraene 
at 300 n had the small advantage of less comphcation by the pentaene 
contribution However, m the interest of standardization of methodology, 
Holman and Hayes (12) have made measurements at the same wave lengths 
as Herb and Riemenschneider Our extinction coefficients determmed 
upon tetraenoic acid with the method of Herb and Riemenschneider differ 
slightly from those reported by these authors upon their preparation 
The conjugated tetraene absorption coefficient of our preparation was 
69 7, whereas that of Herb and Riemenschneider was 60 6 Our eico- 
sapentaenoic acid developed a conjugated pentaene absorption coefficient 
between those of the eicosapentaenoic and the docosapentaenoic acids of 
Herb and Riemenschneider 


SUMMARY 

The eicosapolyenoic acids from beef hver phosphatides were isolated by 
low temperatuie crystallization of the acids and fractional distillation of 
their esters The mdividual acids were isolated by means of countercur- 
rent distribution Ozonolysis and chromatographic separation of the deg- 
radation products of the tetraenoic and pentaenoic acids identified them 
as 5,8,11,14,17-eicosapentaenoic acid and 5,8,11,14-eicosatetraenoic 
acid (arachidomc acid) The triene consisted of a mixture of 8,11,14-ei- 
cosatrienoic acid and 6,8,11-eicosatrienoic acid 
The pentaenoic, tetraenoic, and trienoic acids were subjected to isomer- 
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ization according to four current analytical methods, and their extinction 
coefficients were determined as a means of characterization and as a means 
of standardization of the analytical methods Each of the three acids 
was found to migrate as an entity when chromatogiaphed on paper 

BIBDIOGRAPHY 

1 Brown, J B , and Shinowara, G Y , J Am Chem Soc , 69, 6 (1937) 

2 Klenk, E , in Hoppe-Seyler, F , and Thierfelder, H , Handbuch der physiologisch- 

und pathologisch-chemischen Analyse fur Aertze und Studierende, Berlin, 10th 
edition, 3, 445 (1955) 

3 Ahrens, E H , and Craig, L C , / Btol Chem , 196, 299 (1952) 

4 Rosenmund, N W , and Kuhnhenn, W , Z Untersuch Nahrungs-u Genussmiltel, 

46, 154 (1923) 

5 Herb, S F , and Riemenschneider, R W , Anal Chem , 26, 953 (1953) 

6 Klenk, E , and Bongard, W , Z physiol Chem , 290, 181 (1952) 

7 Klenk, E , and Montag, W , Ann Chem , in press 

8 Klenk, E , and Dreike, T , Z physiol Chem , 300, 113 (1955) 

9 Mangold, H K , Lamp, B G , and Schlenk, H , J Am Chem Soc , 77, 6070 (1955) 

10 Holman, R T , and Burr, G 0 , Arch Biochem , 19, 474 (1948) 

11 Wiese, H F , and Hansen, A E , J Biol Chem , 202, 417 (1953) 

12 Holman, R T , in Click, D , Methods of biochemical analj'sis. New York, 4, 

99 (1957) 

13 Thomasson, H J , Internal Rev Vitamin Res , 26, 62 (1953) 

14 Klenk, E , and Bongard, W , Z physiol Chem , 291, 104 (1952) 

15 Holman, R T , Svensk Kem Tidskr , 68, 282 (1956) 

16 Widmer, C , Jr , and Holman, R T , Arch Biochem , 26, 1 (1950) 

17 Steinberg, G , Slaton, W H , Jr , Howton, D R , and Mead, J F , J Biol Chem , 

220, 257 (1956) 

18 Mead, J F , and Slaton, W H , Jr , / Biol Chem , 219, 705 (1956) 



ICYNURENINE TRANSAMINASE OF RAT KIDNEY A STUDY 
OF COENZYME DISSOCIATION* 

By merle mason 

{From the Department of Btologieal Chemistry, University of 
Mielngan Medical School, Ann Arbor, Michigan) 

(Received for publication, January 16, 1957) 

Cell-free extiacts of rat kidney catalyze the conversion of kynuremne to 
kj’-nurenic acid by means of a transamination reaction (2) Such extracts 
lose kynuremne transaminase activity rapidly when added to phosphate 
buffer solutions with pH below 7 unless a-ketoglutarate is added (2) Fur- 
ther studies in this laboratory have shoivn that this inactivation is com- 
pletely reversed by the addition of small amounts of pyndoxal phosphate 
or pyridoxamine phosphate This observation suggests that mactivation 
results from dissociation of one or both of these coenz 3 unes from the apo- 
transammase and that a-ketoglutarate prevents this dissociation The 
present report seeks to describe this association-dissociation phenomenon 
and to explain the protective action of a-ketoglutarate 

Materials and Methods 

L-Kynuremne sulfate monohydrate was obtained by ozonolysis of N-ac- 
etyl-L-tryptophan ^ CL-Kynuremne, obtained commercially, was used m 
several experiments OL-Kynuremne was less satisfactory as a substrate 
because the range of activity that could be measured spectrophotometri- 
cally was hmited by absorption of the inert n isomer Pyndoxal phosphate 
and pyridoxamine phosphate, each assayed as pure within the limits of ac- 
curacy of the spectrophotometric and chromatographic methods of assay, 
were purchased from the Cahforma Foundation for Biochemical Research 
Ammomum pyndoxal phosphate, obtained earher from the same source, 
underwent rapid decomposition during storage and failed to prevent the 
inactivation of kynuremne transaminase (2) 

Conditions of incubation and assay were similar to those desenbed earher 
(2) The incubation periods were 1 hour or less as indicated, the total 
volume of incubation mixture was 1 ml The concentration of kynuremne 
was 0 0035 m and of keto acids, 0 006 m, except when indicated otherwise 

* A report of this study was presented before the' American Society of Biological 
Chemists, Atlantic City, April 18, 1956 (1) 

^ Warnell, J L, and Berg, C P , unpublished We are indebted to Dr J L War- 
nell for the use of an ozonizer and an improved modification of a method for preparing 
hjmurenine sulfate (3) 
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Transamination was measured by determimng kjmuremc acid formation 
and IS expiessed as the change of optical density at 333 mju after cor- 
rection for the absorption due to kynuremne 

Enzyme Punficahon — ^The preparation of the kynuiemne holotransanu- 
nase is handicapped, since the enzyme is readily mactivated m shghtly 
acidic buffer solutions (2) In the present study, it was found to be com- 
pletely mactivated by ammomum sulfate fractionation (see below) and al- 
most completely mactivated by alcohol fractionation and by freezing fol- 
lowed by thaiving Activity was restored in each case by the addition of 
small amounts of pyndoxal phosphate, indicatmg that inactivation was 
caused by dissociation of the coenzyme 

The kynuremne apotransammase, on the other hand, was fairly stable 
Some punfication of the apotransammase was obtained as follows 18 5 gm 
of rat kidney were homogemzed with 75 ml of ice-cold water The homog- 
enate was centnfuged bnefly to lemove cell dehns, and ammomum sulfate 
was added slowly to the supernatant flmd to bnng it to 25 per cent of satu- 
ration The precipitate was removed by centrifugation, and ammomum 
sulfate was added to the supernatant flmd to 75 per cent of saturation 
The new precipitate was removed by centrifugation, dissolved m 30 ml of 
water, and dialyzed against 0 001 m phosphate buffer, pH 7 0, for 20 hours 
More protein precipitated upon freezmg followed by thawmg, this was re- 
moved by centrifugmg The supernatant flmd had approximately 6 times 
as much apotransammase activity per mg of dry weight as the ongmal 
homogenate It was inactive unless pyndoxal phosphate or pyridoxamine 
phosphate was added The preparation was stored m the frozen state for 
2 months without sigmficant loss of kynuremne apotransarmnase activity 

Results 

As reported befoie (2), the kynuremne transaminase of rat kidney ex- 
tracts became inactive within a few minutes at 37° m phosphate buffer, 
pH 6 3, unless a-ketoglutarate was present At pH 7 4, on the other hand, 
inactivation was slow (Fig 1) The rate of inactivation also depended 
upon the concentration of the phosphate buffer (Fig 2) Subsequent addi- 
tion of pyndoxal phosphate or pyndoxamme phosphate to the inactivated 
preparations restored the activity to levels which were higher than those 
that existed before premcubation * Purified preparations which were com- 
pletely inactivated dunng ammomum sulfate fractionation were similarly 
activated as illustrated in Fig 3 When such reconstituted enzyme prep- 
arations were dialyzed m 0 002 m phosphate buffer, pH 7 4, to remove the 
unbound coenzyme, much of the activity was retained (Table I) These 

^ Premcubation is used here to designate a period of preliminary incubation during 
which the absence of one or more factors prevents transamination 
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Fig 1 Fig 2 

Fig 1 Effect of pH on tlie rate of inactivation of kynurenine transaminase dur- 
ing preincubation in 0 05 m phosphate buffer The kidney extract was added to buf- 
fer solutions at zero time a-Ketoglutarate was added after the intervals indicated 
by the points on the curves After 16 minutes of preincubation, kynurenine was 
added to start the reaction 

Fig 2 Effect of phosphate buffer concentration on the rate of inactivation at 
pH 6 3 The experimental conditions were similar to those described m Fig 1 except 
for the variation of concentration of the phosphate buffer pH measurements before 
and after incubation showed that the lower concentrations of buffer were adequate 
to prevent significant pH changes 



Fig 3 Relationship of activity to coenzjune concentration Apoenzyme prepa- 
rations were obtained by ammomum sulfate fractionation (see under “A'laterials and 
methods”) No preincubation Solid lines, activation with pyridoxal phosphate, 
broken lines, activation with pyridoxanune phosphate Curves 1 and 2, pH 6 3, 
Curves 3 and 4, pH 7 4 
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dialyzed preparations, hke the freshly prepared extracts, quickly lost their 
activity during preincubation in 0 1 m phosphate buffer, pH 6 3, unless 
a-ketoglutarate was present 

These observations strongly indicate that the inactivation resulted from 
dissociation of the holoenzyme and that the dissociation was slowed or pre- 
vented (although not measurably reversed) by a-ketoglutarate The pro- 
tective action of a-ketoglutarate may be a result of a greater affimty of the 
apoenzyme for pyndoxal phosphate than for pyndoxamine phosphate, as 
shown by the higher concentrations of the latter needed to saturate the apo- 
enzyme (Fig 3) The scheme piesented in Fig 4 shows how the holoen- 
zyme may be rendered unstable m the absence of keto acid The portion 


Table I 

Effect of Dialysis on Activity of Reconstituted Kynurenine Transaminase* 


pH 

Assay conditions, preincubation in 0 1 ii buffer 

1 


Before 

dialysis 

Dialyzed 

11 nrs j 

Dialyzed 

28hrs 

6 3 

With a-ketoglutarate 

WEm 


0 273 


Without a-ketoglutarate 


WmM 

0 042 

7 4 

With a-ketoglutarate 





Without a-ketoglutarate 

0 343 




* Purified preparations obtained by ammonium sulfate fractionation (see under 
“Materials and methods”) were incubated in 0 02 m phosphate buffer, pH 7 4, with 
pyndoxamine phosphate (45 y per ml ) for 2 hours at 37°, then dialyzed for 28 hours 
in the cold room in 400 volumes of 0 002 m phosphate buffer, pH 7 4 Kynurenine 
holotransaminase activity was assayed under the conditions and at the times indi- 
cated 

of Fig 4 lying above the dotted hne is believed to represent the situation 
before kynuremne and a-ketoglutarate are added Ammo acids present in 
the enzyme extract will tend to maintain the holoenzyme in the aminated 
form resulting in its rapid dissociation Added a-ketoglutarate should re- 
tard dissociation by converting the holoenzyme to the more stable aldehyde 
form ® 

Consistent with the above interpretation, the abihties of the various 
keto acids in preventing inactivation (Fig 5) paralleled their effectiveness 
in transarmnating with kynuremne (Table II) a-Ketoglutarate and oxal- 
acetate were considerably more effective in both the protective and sub- 

’ To simplify illustration and discussion, a two-step transamination mechamsm (4) 
IS assumed The suggestion that a-ketoglutarate prevents inactivation by convert- 
ing the holoenzyme to a form which does not dissociate readily may be valid even if 
the two step mechanism does not apply 
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strate functions than any of the six monocaiboxyhc a-keto acids tested 
Succinate had no piotective action, indicating that the carbonyl gioup of 
oxalacetate is essential foi its piotective action 
Since a-ketoglutaiate seemed to favoi association, it was not surprising 
that rate-luTutmg amounts of the coenzymes leactivated apoenzyme prep- 


APOENZYME 

PYRIDOXAL 

PHOSPHATE 


AHINO ACID 


KETO ACID 


HOLOENZYME-CHO H0L0ENZYHE-NH2- 


KYNURENINE KYNURENIC ACID 


APOENZYME 

PYRIDWAMINE 

PHOSPHATE 


Fig 4 Scheme for rendering holoenzyme unstable 



KETO ACID(hMOLES/ML) 

Fig 6 Comparison of the effects of various or-keto acids on the inactivation of 
kynurenme transaminase during preincubation for 15 minutes at pH 6 3 After the 
period of preincubation, enzymatic activity was examined by adding k}murenine and 
6 /imoles of a-ketoglutarate Curve l,Q:-ketoglutar ate, Curve 2, oxalacetate. Curve 3, 
a-ketovalerate. Curve 4, a-ketoisocaproate. Curve 5, pyruvate. Curve 6, a-keto-^S- 
methylvalerate. Curve 7, a-ketoisovalerate, Curve 8, a-ketobutyrate. Curve 9, suc- 
cinate 

arations more completely when preincubated in mixtures contammg a-keto- 
glutarate (Curve 1, Figs 6 and 7) than when preincubated without it Re- 
action mixtures which were premcubated without a-ketoglutarate (Curves 
4 to 8) showed rates which were imtially much lower but which were sub- 
sequently accelerated, suggesting that a-ketoglutarate promoted associa- 
tion durmg the transammation reaction 
In the absence of a-ketoglutarate, preincubation of the apoenzyme prep- 
arations with the coenzymes at pH 6 3 did not cause sigmficantly more 
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Table II 

Comparison of Various a-Kcio Acids As Substrates for 
Kynurenine Transaminase Reaetion* 


li Expeninent No 

Keto acid 

A*” 

1 

a-Ketoglutarate 

0 589 


Oxalacetate 

0 528 

2 

a-Ketoglutarate 

0 978 


a-Ketoisovalerate 

0 038 


a-Ketoisocaproate 

0 292 


a-Keto-/3-methylvalerate 

0 063 


Pyruvate 

0 103 

3 

a-Ketoglutarate 

0 900 


a-Ketovalerate 

0 318 


a-Ketobutyrate 

0 120 


* Aliquots of a purified preparation obtained by ammonium sulfate fractionation 
(see under “Materials and methods”) were incubated with 30 y of pyridoxal phos- 
phate and standard concentrations of keto acids and kynurenine sulfate in m/15 
phosphate buffer, pH 6 3, for 1 hour 



MINUTES 



MINUTES 


Fig 6 Fig 7 

Figs 6 and 7 Effect of certain conditions during preincubation on the course of 
the subsequent kynurenine transanunase reaction Fig 6, activation with pyri- 
doxamine phosphate, 7 5 -y per ml Fig 7, activation with pyridoxal phosph^e, 7 5 
y per ml Solid lines, pH 6 3 , broken lines, pH 7 4 Preincubation condition, Curves 
1 and 2 coenzyme plus a-ketoglutarate , Curves 3 and 4, coenzyme only , Curves 5 and 
7 a-ketoglutarate only , Curves 6 and 8, neither The curves for incubation mixtures 
which were not preincubated were like Curves 6 and 8 and are not shown In a 
instances the reaction was started after 45 minutes by the addition of kynurenine and 
™ SVKqmred factor not added e.rhct Al.qnote were removed and deprote.n- 
ized after intervals indicated by the points on the curves 
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activation At pH 7 4, on the othei hand, such premcubation resulted in 
substantial inci eases (Cuive 3), although these were not as great as when 
a-ketoglutaiate was present Accordingly, there is both a lesser tendency 
to dissociate and a greater tendency to associate at pH 7 4 than at pH 6 3 

Although the kynuremne transaminase of lat kidney appears to disso- 
ciate more readilj’- than most enzymes involving pyndoxal phosphate, it 
may be paralleled m this lespect by a system reported by Blakley (5) which 
interconveits serine and glycine Tins system became inactive at pH val- 
ues above 9 and was reactivated by the addition of pyndoxal phosphate 
Inactivation was thought to involve adsorption of the coenzyme by inert 
constituents of the enzyme preparation Such an explanation has not been 
excluded m the present study, but it is beheved to be of nunor or secondary 
importance because httle loss of kynuremne transaminase activity was evi- 
dent after 45 minute premcubations of added coenzyme with apoenzyme 
preparations (Fig 6) Cleavage of pyndoxal phosphate and pyndoxamine 
phosphate by a phosphatase in the kidney homogenates was demonstrated, 
however, by means of papei chromatography^ This cleavage was dis- 
counted as a major factor in the inactivation phenomenon under study 
because increases in the concentration of phosphate buffer in the reaction 
mixtures resulted m decreases in the rate of the phosphatase reaction, 
whereas they increased the rate of inactivation of the kynuremne holotrans- 
ammase in kidney extracts at pH 6 3 (Fig 2) 

DISCUSSION 

The transamination system under study is hke the glutamate-aspartate 
transarmnase system (6) in that an appreciable time interval is needed for 
maximal activation by pyndoxamine phosphate at pH 7 4 and that dialysis 
at pH 7 4 does not readily resolve the reconstituted holotransaminase 
The kynuremne transaminase system, however, was maximally activated 
hy pyndoxaimne phosphate only after premcubation with a-ketoglutarate 
Such an effect of keto acids in the activation of a transaminase seems not 
to have been reported previously, although superficially similar effects have 
been noted in the activation of bacterial tryptophanase (7) and in decar- 
boxylase (8) systems Judging from the nature of the reactions involved, 
pyndoxamine phosphate is probably not a coenzyme m the decarboxylase 
and tryptophanase systems, hence the necessity for its conversion to P 3 Ti- 
doxal phosphate piior to activation The activating effect of keto acids m 
the kynuremne transaminase system, on the other hand, seems to be a re- 
sult of the conversion of the apoenzyme-pyridoxamme phosphate complex 
to a more stable apoenzyme-pyndoxal phosphate complex Possibly the 
greater stability of the latter form arises from the amomc character of 

■' Mason, M , unpublished data 
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pyndoxal phosphate at pH 6 3 (by calculating from dissociation constants 
obtained by Williams and Neilands (9)) contrasted mth the isoelectric 
character predormnatmg for pyndoxanune phosphate at that pH The 
more strongly amomc character of both coenzymes at higher pH reactions 
may similarly explain the greater stabihty of the holoenzyme at pH 7 4 

SUMMARY 

The previously descnbed inactivation of the kynuremne transaminase of 
rat kidney which occurs when the extracts are incubated with phosphate 
buffer, pH 6 3, was shoivn to be strongly dependent on the concentration of 
phosphate buffer and to be completely reversed by the addition of small 
amoimts of pyndoxal phosphate or pyndoxanune phosphate 
Pyndoxanune phosphate was much less effective than pyndoxal phos- 
phate in activating the kynuremne apotransanunase Inactivation was 
therefore interpreted to be a result of rapid dissociation of the pyndoxanune 
phosphate from the apoenzyme Both a-ketoglutarate and oxalacetate 
served adequately as substrates at concentrations of 0 006 M and pre- 
vented inactivation at concentrations as low as 0 002 m Various mono- 
carboxyhc a-keto acids, at sinular concentrations, were relatively ineffec- 
tive both in the protective and substiate functions It was concluded 
that the keto acids prevent dissociation dunng incubation at pH 6 3 by 
maintaimng the holoenzyme in the more stable apoenzyme-pyndoxal phos- 
phate form 

The author wishes to express his appieciation to Mrs Eva McKenna for 
assistance in punf 3 nng the apoenzyme pieparations and to Mr Clare John- 
ston for preparing kynuremne sulfate 
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THE METABOLISM OF THE ORGANIC ACIDS 
OF TOBACCO LEAVES 

XIII EFFECT OF CULTURE OF EXCISED LEAVES IN 
SOLUTIONS OF POTASSIUM BICARBONATE 

By HUBERT BRADFORD VICNERY and JAMES K PALMER* 

{From the Biochemical Laboratory of The Connecticut Agricultural 
Experiment Station, New Haven, Connecticut) 

(Received for publication, January 17, 1957) 

Wlien organic acids which can readily entei into the metabolism of the 
leaves of the tobacco plant aie supphed through the vascular system by 
the excised leaf culture technique, a marked accumulation of citric acid is 
frequently observed This has been shown to occur after the administra- 
tion of L-malate (1), succinate (2), fumarate (3), glycolate (4), and d-iso- 
citrate (5) No evidence is seen for a stunulation of the formation of citric 
acid above the rate observed in control leaves when oxalate (6, 7) or (+)- 
tartrate (8) is furnished, and some interference with the reactions seems 
to be exerted by maleate (3), malonate (9), or acetate (6) The general 
effects are those to be anticipated if a system of metabohe reactions which 
has analogies with the tricarboxylic acid cycle is assumed to play an im- 
portant role in the leaves of this species The recent demonstration (9) 
of the rapid accumulation of succimc acid when malonate is admimstered 
to tobacco leaves mdicates that an active succimc acid dehydrogenase sys- 
tem IS present, an observation which furnishes further evidence m support 
of this view 

Nevertheless, many other systems of enzymatic reactions m which or- 
gamc acids are mvolved also share m the general metabolism of plant 
leaves Of the numerous possibilities open to mvestigation by the excised 
leaf techmque, a study of the effect of the administration of bicarbonate 
ion m darkness was of particular interest, smee the mechamsms concerned 
With the so called dark fixation of carbon would presumably become in- 
volved The outcome has been the observation that citnc acid accumu- 
lates m tobacco leaves cultured m 0 2 m potassium bicarbonate for 48 hours 
to about the same level as it does m identical leaves cultured in sucemate 
or fumarate under similar conditions 

EXPERIMENTAIi 

Nicotiana tdbacutn, variety Connecticut 49, was grown m the greenhouse 
on soil with occasional additions of nutrient solution The samples of 

* Present address, Virginia Institute for Scientific Research, Richmond, Virgima 
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leaves were collected on July 11, 1955, by the statistical method (10) 55 
days after the seedhngs were set out, ten samples of twenty leaves each 
bemg cut from twenty plants, the ten leaves countmg upwards fiom the 
lowest fuU-sized leaf being taken from each plant The coefficient of vaii- 
ation of the fresh weight was 2 5 per cent and that of the total mtrogen 
content was 1 14 per cent, the samphng eri oi was thus acceptably small 

Of the foui experimental samples, two were cultured for 24 hours vuth 
the bases of the leaves, respectively, m 0 1 m and in 0 2 m potassium bi- 
carbonate, and two foi 48 hours m the same solutions Separate control 
samples were cultured for 48 hours m water, m 0 2 m potassium sulfate, 
in 0 2 M dipotassmm phosphate at pH 8 0, m 0 2 m potassium succmate 
imtially adjusted approximately to pH 7 0, and m 0 2 m potassium fuma- 
rate imtially adjusted approximately to pH 6 9 The controls of the air- 
conditioned dark room weie set for 24° and 50 per cent lelative humidity 
Durmg the culture penod, the leaction of the phosphate solution changed 
to pH 7 8, and readings on the succmate and fumarate solutions at 24 and 
48 hours showed mmor changes smce these solutions were also madequately 
buffered It was assumed for purposes of calculation that the reaction of 
the succinate solution durmg most of the culture penod was at pH 6 8 and 
that of the fumarate solution at pH 6 9 Readmgs on the bicarbonate 
solutions mdicated that they were approximately at pH 9 

The control cultures m potassium sulfate and m water served to give 
information on the behavior of this set of samples under conditions that 
have been repeatedly exarmned, that m phosphate was designed to show 
the effect of a moderately alkaline salt solution, and the cultures m succi- 
nate and fumarate weie mtended to show the effect of almost completely 
neutralized solutions of these acids at pH reactions more alkahne than 
have previously been studied The analytical methods employed have 
been described m previous papers (11, 12) 

The changes m the fresh weight of the samples dunng culture are given 
m Table I, Lme 1 , all were neghgibly small save for the leaves cultured for 
48 hours m 0 2 m potassium phosphate at pH 8 and m 0 2 m potassium bi- 
carbonate The leaves m both of these samples vulted and lost about one- 
fifth of then mitial weight, but there was no other obvious evidence of 
harm to the tissue The increases m the ash m Lme 2 show that only a 
moderate uptake of potassium bicarbonate occuried m comparison vuth 
the uptake of salts from the control solutions, and the mcreases m the alka- 
hnity of the ash m Lme 5 conform with this conclusion, as do the data for the 
mcreases m potassium^ m Lme 6 It may be noted that the mcrease m 
the alkahmty of the ash m the sample cultured m phosphate at pH 8 

1 We are jndebted to the Department of Analytical Chemistry for the determina- 
tions of potassium by the flame photometric method 
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should be one-half of the inciease m potassium if dipotassium phosphate is 
converted mto pyrophosphate in the muffle fuinace, this was approxi- 
mately true Howevei, the agieement between the data for the increases 
in the alkahnity of the ash and of the potassium is only moderately good, 
the mean discrepanc 3 '- in the seven experiments being shghtly more than 
10 per cent of the amount of potassium found 
The effects upon the pH of extiacts of the dried tissue (Lme 7) were all 
small save for the samples cultuied m phosphate and in 0 2 m bicarbonate 
for 48 hours, these became nearly 1 pH umt more alkahne 
The uptake of acids from the culture solutions (Line 8) was computed 
from the change m the alkahmty of the ash (Line 5) except for the sample 
cultmed m phosphate This was calculated from the mcrease m the ash 
on the assumption that the acqmred dipotassium phosphate was converted 
mto potassium pyrophosphate The uptake of carbomc acid, expressed m 
milheqmvalents, was taken to be twice the mcrease in the alkahmty of the 
ash, while that of succimc acid was calculated on the assumption that at 
pH 6 8 this acid is 97 per cent neutrahzed At pH 6 9, fumaric acid was 
assumed to be completely neutralized 
Lanes 10 to 17 (Table I) show the effects of the culture solutions upon 
the orgamc acid composition of the samples Lme 10 gives the data for 
the changes m the amounts of titratable orgamc acids that are eluted from 
the Dowex 1 column dunng the analytical procedure The data for the 
changes of the separately determmed oxahc acid (Lme 13) are not mcluded 
The small losses from the samples cultured m water or m potassium sulfate 
presumably represent effects of respiration The large mcrease m the 
sample cultured m phosphate represents the acquisition of a component 
which has been designated “Unknown acid A” m previous papers of this 
senes This component is eluted from the Dowex 1 column together with 
citnc acid, and the quantity shown (Line 16) is m each case the difference 
between the sum of the titrations of the fractions that contam citric acid 
and the result of the determmation of citric acid by the pentabromoacetone 
method (13) m the pooled fractions The identification of this component 
as phosphonc acid was made by conventional quahtative and quantitative 
tests 2 

Mahc acid decreased and citnc acid mcreased m the samples cultured 
m water and m potassium sulfate m the manner to be expected from pre- 
vious experiments, and the amount of citnc acid formed m the water con- 
trol mdicates that the enzjone systems concerned m these reactions were 
moderately vigorous The loss of mahc acid from the two samples cul- 
tuied for 48 hours m bicarbonate was of about the same magmtude as the 

= Englard and Colowick (14) have also recently observed that phosphoric acid is 
eluted from Dowex 1 by formic acid 
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loss fioni the watei control, but the increases of citric acid were notably 
gieatei Malic acid inci eased in the sample cultuied in succinate at pH 
6 S as It has been found to do both at pH 5 (3) and pH 6 (7), and the for- 
mation of citric acid was also stimulated The effect of culture in fuma- 
rate at pH 6 9 upon both niahc acid and citric acid also closely resembled 
the effects pienously obseived at pH 5 and 6 (3) 

The o\ahc acid content of the samples (Line 13) was changed httle if at 
all by any of the conditions of culture The presence of a trace of succimc 
acid could be detected ui most of the samples on the plots of the titration 
of the fractions eluted fiom the Dowex 1 column However, only the 
sample cultured in succmate contained a significant amount of this acid 
(Lme 14) No fumaric acid was detected in any of the samples except the 
last, the fractions eluted immediately aftei citric acid during the analysis 
of this sample each left a visible deposit of fumaric acid when dried m 
preparation for titration (Lme 15) 

The component hitherto designated Unknown acid A (Line 16) found in 
the pooled citric acid fractions from the Dowex 1 column and now identified 
as phosphonc acid^ was not mfluenced by any of the conditions of culture 
with the exception of the sample cultured m phosphate A water extract 
of the control sample contained the equivalent of 27 1 m eq of phosphoric 
acid per kilo by the Fiske and Subbarow method (15), and the pooled 
citnc acid fractions obtained from it contained 23 9 m eq Thus, 88 per 
cent of the phosphoric acid mitially present found its way mto the citric 
acid fraction At the end pomt of the mdicator used m the titration of 
these fractions, phosphoric acid is about 66 per cent titrated Accordmgly, 
15 9 meq of acidity due to phosphoric acid should have been titrated, 
the quantity of Unknown acid A found was 15 3 m eq In the citric 
acid fraction from the sample cultured m phosphate, the mcrease m phos- 
phoric acid was 179 m eq The mcrease m acidity should therefore have 
been 119 ni eq , the mcrease found being 103 m eq 

The item designated “Undetermmed acids” m Lme 18 represents the 
sum of the titrations of the fractions eluted by formic acid from the Dowex 
1 column m advance of mahc acid This is a complex mixture which 
contains trace amounts of D-glyceric acid (16), succmic acid, quimc acid, 
aspartic acid, glycohc acid, and several other components as yet umden- 
tified Succmic acid can usually be recogmzed since it is the last to emerge 
before mahc acid For the detailed exaimnation of this group of acids, 
the use of acetic acid as elutmg agent is essential (12) The data m Line 
18 suggest that bicarbonate ion supphed to the leaves exerts a httle in- 

^ In experiments on a larger scale, traces of malonic and of d-isocitnc acids have 
also been detected in this fraction by chromatographic and enz3’inatic methods 
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fluence upon these substances, succinic and fumanc acids, however, give 
rise to a marked mcrease in one or more of them 

Table II 

Metabolic Effects of Bicarbonate Ion on Composition of Tobacco Leaves 
Data expressed in terms of 1 kilo of initial fresh weight of leaves For an explana- 
tion of the derivation of these quantities, see the text 


Changes during culture in darkness 





KiSOi 

KiHPOi 

Totassium bicarbonate 

K suc- 
cinate 

Kfu- 

marate 

No 


Water 










0 2 U 

02m 
pH 8 0 

0 1 M 

0 1 M 

0 2m 

0 2m 

02m 
pH 6 8 

02m 
pH 6 9 



48 hra 

48 hrs 

48 hrs 

24 hrs 

48 hrs 

24 hrs 

48 hrs 

48 hrs 

48 hrs 

1 

Respiration loss, 

3 1 

4 0 

(3 0) 

(3 7) 

(5 2) 

(4 8) 

(6 9) 

4 9 

i 5 6 


gm 










2 

A ash found , gm 

o 

Or 

-f 8 2 

-1-13 5 

+2 0 

-1-2 2 

4-3 3 

4-5 0 

4-12 3 

4-9 5 

3 

A potassium cal- 


4-8 9 

-f 13 6 

-1-2 2 

-1-2 7 

4-3 7 

4-5 1 

4-13 4 

+9 4 


culated as salt 
(KaSO,, KiPsO, 
or KjCOs), gm 










4 

KsCO 3 equivalent 




1 9 

2 2 

3 4 

4 6 

11 8 

9 0 


to A alkalinity 
of ash, gm 







1 



6 

A malic A citric 

2 4 

3 0 

1 1 

0 6 

1 1 

0 6 

0 7 


0 2 


acids, molar ra- 
tio 










6 

Citric acid as- 

7 9 

8 7 

5 6 

2 9 

7 1 

3 2 

6 9 


1 9 


sumed to be de- 
rived from malic 
acid, mmoles 




1 






7 

Citric acid de- 

-1 2 

-3 

4 7 

6 2 

6 0 

7 3 

12 4 


16 2 


rived from 

another source, 
mmoles 










8 

Uptake of acid. 




28 0 

32 5 

48 5 

66 5 

87 5 

65 5 


mmoles 










9 

Ratio, Line 7 to 




22 2 

18 4 

15 6 

18 6 


0 25 


Line 8, as % 










10 

Ratio, A titratable 




36 8 

24 5 

25 2 

23 6 




acids to twice 
data of Line 8, 
as % 











The data for the behavior of the protem (Line 19) indicate that pro- 
teolytic reactions were stimulated m the leaves cultured m solutions of 
salts as has been repeatedly observed No effect attnbutable to the alka- 
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limty of the solutions used in the present experiments was noted The 
data for the behavior of the staich content of the leaves are not given in 
detail The lea^ms contained onlj'- 0 70 gm per kilo of starch at the start 
of the experiments, an unusually small amount, and only traces remamed 
at the end 

In Table II are collected data deiived from the analytical results of 
Table I The estimations of respiration loss (Lme 1) represent in each 
case the difference between the change m the corrected orgamc sohds and 
the calculated uptake of acid The loss from the water control sample was 
rather small However, the administration of potassium sulfate or of the 
salts of the orgamc acids resulted in an mcrease in the net loss of orgamc 
substances from the leaves as is usually observed The loss from the sam- 
ple cultured in phosphate was computed from the weight of dipotassium 
hydrogen phosphate equivalent to that of the pyrophosphate m the ash 
This was deducted fiom the total sohds to give an estimate of the orgamc 
sohds m this sample No further collection for caibonate m the ash was 
made and the value found for the respiration loss is accordmgly parenthe- 
sized If such a correction is applied, the apparent loss becomes 1 4 gm 
per kilo, an improbably low result The estimates of respiration loss from 
the samples cultured in bicarbonate are also parenthesized since they were 
made on the assumption that the bicarbonate ion taken up from the alka- 
hne culture solution was retamed in the tissue, ^ e , that no escape of car- 
bon dioxide occurred from a medium imtiaUy at or near pH 5 2 This 
seems unhkely and, accordmgly, the values given merely furnish an upper 
hrmt for the respiration loss The uncertainty results from the unsmta- 
bihty of the experimental technique for studies of the effects of the ad- 
ministration of a volatile acid when precise values for the quantities fixed 
by the enzyme systems are required 

Lmes 2 to 4 of Table II show the mci eases m the morgamc sohds, calcu- 
lated from the determmations of potassium and of alkahmty of ash, m 
comparison with the mcreases of ash found The agreement is satisfactory 
m most mstances 

The molar ratio of the decrease m mahc acid (Table I, Lme 11) to the 
mciease m citric acid (Table I, Lme 12) is given m Lme 5 of Table II 
The value 2 4 for the sample cultured m water is within the limits usually 
found and mdicates that the metabohsm of these acids followed the normal 
course m this set of samples The ratio 3 0 for the sample cultured m po- 
tassium sulfate IS a httle high although not greatly out of hne It is pos- 
sible that the utilization of mahc acid was somewhat stimulated The 
ratios for the other samples aie, however, all seriously depressed and clearb'’ 
reveal a marked mterference with the usual comse of events No expla- 
nation can at piesent be advanced for the pronounced effect of phosphate 
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Lines 11 and 12 of Table I show that the utihzation of mahc acid by this 
sample, in comparison with the control, was somewhat low, while the for- 
mation of citric acid was stimulated The effects upon the orgamc acids 
of tobacco leaves of culture m solutions of phosphate obviously warrant 
further study 

The advent of bicarbonate ion did not diminish the extent to which 
mahc acid was utilized to any important degree, but there was a marked 
stimulation of the formation of citric acid Twice as much citnc acid was 
present in the leaves cultured for 48 hours m 0 1 m bicarbonate as was found 
in the water control, and about thiee tunes as much m those cultured m 
0 2 m bicarbonate Inquiry mto the details of this effect is rendered difld- 
cult because of the lack of data on the amounts of bicarbonate ion which 
actually entered into the reactions of the cells If it is assumed, however, 
that the malic acid which disappeared from these samples was converted 
into citric acid m the same ratio as it is in leaves that have been cultured 
in water, some information regardmg this quantity can be obtamed Line 6 
of Table II shows the amounts of citric acid that would have resulted if 2 
moles of mahc acid were consumed in such a sequence of reactions, and 
Line 7 the estimated amounts of citiic acid that must therefore have had 
some other origin The coi responding uptakes of carbomc acid are shoivn 
in Lme 8 Line 9 then gives as percentages the molar ratios between these 
respective amounts of carbomc acid and the amounts of citric acid as- 
sumed to have resulted from reactions m the course of which the acquired 
carbon dioxide entered mto the formation of carboxyl groups 

If a single carboxylation reaction was mvolved in the synthesis of each 
mole of citnc acid produced, molar quantities of carbomc acid equal to 
those of citric acid shown m Lme 7 would be required The data in Line 9 
thus imply that, as the mean of the foui observations, 18 7 per cent of the 
carbonic acid taken up was converted mto non-volatile acids, the re- 
mainder presumably being lost as carbon dioxide If this figure is used m 
the calculation of the respiration loss, the estimates for these four samples 
in Line 1 of Table II are dmnmshed, respectively, to 2 3, 3 5, 2 4, and 3 5 
In view of the small uptake of bicarbonate, these are entirely reasonable 
magnitudes If more than one carboxylation reaction is mvolved m the 
synthesis of citnc acid, or if the efficiency with which the bicarbonate ion 
was used was greater than about 19 per cent, these figures become some- 
what larger 


DISCUSSION 

The observation that the administration of bicarbonate ion to the leaves 
of the tobacco plant piomotes the formation of citric acid to about the 
same extent as succinate or fumarate under the same conditions is sug- 
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gestive of the opeiation of a mechamsm wheieby one or the other of these 
substances oi, more piobably, a closely i elated acid is produced by means 
of a carboxylatioii leaction The product may then be supposed to entei 
into the sequence of metabolic leactions chaiacteiistic of this species, the 
ultmiate accumulation of citiic acid being a consequence of the fact that 
citric acid is utdized at a late consideiably slower than it is formed 
Gi anted a souice of pyiuvic acid from the metabohsm of the caibohy- 
drates, of which an adequate supply was available, the starch alone bemg 
sufficient m all except one mstance, the widely distributed (17) mahc en- 
zyme of Ochoa, Mehler, and Kornberg (18) provides a mechanism whereby 
mahc acid might aiise from bicarbonate A mechanism such as the forma- 
tion of oxalacetic acid from phosphoenolpyruvic acid and carbon dioxide, 
observed by Bandurski and Giemer (19) in spinach leaves and studied by 
Tchen and Vennesland (20), is an additional possibihty, and other sug- 
gestions can also be made However, oxalacetic acid has not been de- 
tected in the tobacco leaf and if formed would presumably have only a 
transitory existence, smce enzymes such as mahc dehydrogenase (21) 
which rapidly transform it to other substances are known to be present 
Whatever the precise mechamsm may be, Stutz and Burris (22) have 
demonstrated that radioactive carbon dioxide can be acquired by young 
tobacco plants from the surrounding air and assimilated into mahc acid m 
darkness, and the present experiments provide direct analytical evidence 
of the operation of a mechanism whereby carbon dioxide is fixed as car- 
boxyl groups 

If the mechanism by which citric acid is formed as a result of the me- 
tabolism of bicarbonate ion is m fact one which mvolves an interaction 
With pyruvic acid derived from the metabohsm of the carbohydrates, a 
second method to estimate the proportion of the acquired bicarbonate ion 
which entered mto the reactions becomes possible The mcrease m the 
titratable orgamc acidity m Table I, Line 10, furmshes a measure of the 
new carboxyl groups and, if the assumption is vahd, one-half of these were 
denved from bicarbonate ion and the other half from pyruvic acid Ac- 
cordmgly, the ratio of the increase in titratable acidity to twice the uptake 
of bicarbonate ion (Table II, Line 8) yields the fraction of the available 
bicarbonate ion which was fixed as carboxyl groups This ratio, expiessed 
as a percentage, is given in Table II, Line 10 Of the four values, three 
agree with each other closely and suggest that approximately 24 per cent 
of the bicarbonate ion acquired by the tissues entered mto the metabohc 
reactions The agreement with the estimate of about 19 per cent denved 
from other data upon quite different assumptions is perhaps as close as 
could be expected 

The presence of one further enzyme mechanism must be assumed m 
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order to account for the formation of citnc acid by the metabohsm of one 
or other of the 4-carbon dicarboxyhc acids, namely a system which has the 
same function as the condensmg enz 3 Tne of Ochoa, Stem, and Schneider 
(23) Few attempts to demonstrate the piesence of this specific enzyme 
m green leaves have been made and none has led to entirely convincmg re- 
sults, although Brummond and Burris (24) have obtamed strongly sug- 
gestive evidence of its presence in lupme leaves Nevertheless, the direct 
analytical evidence that citnc acid is formed in the tobacco leaf at the ex- 
pense of 4-carbon dicarboxyhc acids is now extremely strong and is con- 
firmed by the experiments of Zbmovsky and Burns (25) with radioactive 
mahc acid 

Data which support the view that the general plan of the metabohc 
transformations of bicarbonate, succinate, fumarate, and n-malate m the 
tobacco leaf is essentially the same are collected in Table III A third 
significant figure is carried as an aid m the calculations The last colu m n 
gives details fiom an earher experiment (1) in which potassium L-malate 
was administered to tobacco leaves at pH 7 Lmes 1 and 2 give the 
changes m citnc and mahc acids after 48 hours of culture m darkness and 
Line 3 the correspondmg uptakes of acid from the lespective culture solu- 
tions Lme 4 shows, for the experiments with bicarbonate, the two esti- 
mates of the amounts of bicarbonate ion metabohzed if either 18 7 or 24 
per cent of the amount taken up was fixed The data for the other three 
experiments represent the differences between the amounts of the mdi- 
vidual acids taken up and those found m the leaves after 48 hours In 
Lme 5, the assumption is made that m each case mahc acid is actually or 
potentially the source of the citnc acid formed Thus, to the quantities of 
carbomc acid metabohzed m the first two experiments are added the quan- 
tities of mahc acid that were used up durmg 48 hours The mcrease of 
mahc acid in the experiment with succmate is deducted from the amount 
of succimc acid metabohzed (Lme 4) on the assumption that this amount 
of mahc acid was derived from the acquired succimc acid and remamed as 
such The correction for the experiment with fumarate is small since only 
a little of the mahc acid present at the start was drawn upon In Lme 6, 
a further correction is made on the assumption that the small over-aU loss 
of titratable organic acids which occurred dunng the culture penod fell 
exclusively upon the acquired acid Lme 7 then gives the ratios of the 
actual 01 potential mahc acid which were presumably converted mto citric 
acid to the mcreases m citnc acid observed 
The constancy of these ratios is stnkmg and it is of mterest that the mag- 
mtude for succinate m the present experiment is identical with that found 
by a similar calculation m a number of previous experiments with this 
acid (3) The ratio for fumanc acid also agrees well with previous obser- 
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vatioiis (3) The evidence thus pomts stiongly to the conclusion that bi- 
carbonate ion was metabohzed in the tobacco leaf into a 4-carbon dicar- 
bo\5dic acid, although whethci this acid was mahc acid oi oxalacetic acid 
is impossible to deteinnne fiom the present evidence 

Table III 

Consequences of Assumption That Bicarbonate Ion Furnished to Tobacco 
Leaves Is Assimilated into Malic Acid 

Data expressed in terms of 1 kilo of initial fresh weight of leaves For an explana- 
tion of the derivation of these quantities, see the text 


Changes during culture for 48 hrs in darkness 


Line 

No 


KHCOi 

KHCOi 

K suc- 
cinate 

Kfu 

marate 

K 

malate* 



0 1 n 

02 It 

02m 
pH 6 8 

02m 
pH 6 9 

0 2 u 
pH 7 

1 

A citric acid, 
mmoles 

4-13 0 

-M9 3 

-i-16 3 

-1-18 1 

-f-13 8 

2 

A mahc acid, 
mmoles 

-14 1 

-13 9 

1 

-f27 7 

-2 7 

-1-36 9 

3 

Uptake of acid, 
mmoles 

32 4 

66 6 

87 5 

65 5 

70 1 

4 

Acquired acid me- 
tabolized, 
mmoles 

6 1 or 7 8t 

12 4 or 16 Of 

67 1 

28 3 

33 2 

5 

Acid metabolized 
corrected for A 
malic acid, 
mmoles 

20 2 or 21 9t 

26 3 or 29 9t 

39 4 

31 0 


6 

Same corrected 
further for over- 
all loss of acid, 
mmoles 

20 2 or 21 9t 

26 3 or 29 9t 

28 7 

30 1 

23 9 

7 

Ratio, Line 6 to 
Line 1 

1 55 or 1 68t 

1 36 or 1 54t 

1 76 

1 66 

1 73 


* Data from an experiment with a different set of samples (1) 
t Alternative values on the assumption that either 18 7 per cent or 24 per cent of 
the bicarbonate ion available entered into the metabolism (see Table II, Lines 9 and 
10) 


It IS not mamtamed that the coincidence of these ratios demonstrates 
the vahdity of the assumptions involved m the calculations Their sig- 
itificance at the present time hes mamly m what they reveal of the analogies 
ID the geneial course of the metabolism of the respective substances m the 
tobacco leaf The relationship between the quantity of citnc acid formed 
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and that of its immediate precursor seems to be essentially constant Diffi- 
culties anse, however, with the view that this amounts to a statement 
that the sequence of reactions is precisely that characteristic of the tn- 
carboxyhc acid cycle, and that succmic, fumanc, and malic acids are equiv- 
alent m their ultimate effect masmuch as they are readily mterconvertible 
substances The thud column of data m Table III shows that 67 mmoles 
of succimc acid were converted mto other acids, 28 mmoles of mahc acid 
and 16 mmoles of citnc acid bemg formed Accordmgly, if the sequence 
of reactions is that of the cycle, all of this succimc acid at some stage must 
have been at least potentially present as fumanc acid In the parallel ex- 
periment, 28 mmoles of fumanc acid were metabohzed, no mahc acid was 
formed, but 18 mmoles of citnc acid accumulated Furthermore, 37 
mmoles of fumanc acid (Table I, Lme 15) remamed as such m the tissues 
although none was detected m the experiment with succmic acid Obvi- 
ously there are many details of the transformations which these acids 
undergo m the green leaf which are yet to be explamed 

Grateful acknowledgment is made to Marjorie D Abrahams, Kathenne 
A Clark, and Laurence S Nolan for technical assistance, to Dr Israel 
Zehtch and Dr David G Wilson for practical aid and helpful discussion, 
and to the National Science Foundation for a grant which supported a part 
of the expense of this mvestigation 

SUMMARY 

When excised leaves of the tobacco plant (Nicohana tabacum, variety 
Connecticut 49) are cultured m darkness m potassium bicarbonate solu- 
tion, from one-fifth to one-quarter of the bicarbonate ion taken up is fixed 
as the carboxyl groups of non-volatile orgamc acids A stimulation of the 
formation of citnc acid occurs which is approximately the same as that ob- 
served when succmate or fumarate is made available to the leaves from 
solutions at approximately pH 7 A consideration of the quantities of 
acquired acid that are metabohzed and of the products of the reactions 
that occur leads to the conclusion that the molar relationship of the amount 
of precursor used to that of the citric acid formed is essentially constant 
whether bicarbonate, succmate, fumarate, or L-malate is made available to 
the enzyme systems of the leaves Nevertheless, fumanc acid does not 
accumulate in the leaves when succimc acid is supphed although it does 
when fumanc acid is made available Thus, although the general plan of 
the metabohc reactions resembles that of the tricarboxylic acid cycle, cer- 
tain details remain to be explamed 

It was observed mcidentally that the administration of phosphate at 
pH 8 to the leaves stimulates the formation of citnc acid Furthermore, 
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the gieatei pait of the moiganic phosphate of the leaves is retained by the 
Dowe\ 1 column used foi the analytical deteimination of the organic acids 
and IS eluted foimic acid togethei with citric acid 
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It has been kno^Yn foi some time that mammahan blood inhibits tijTpsin 
and plasmm The pi oblem of the specificity of tins antiproteolytic activity 
IS still not resolved Seveial investigatois (1-5) have shown evidence of 
the presence in human blood of different mhibitoiy agents which vary in 
their specific effect on tiypsin and on plasnnn 
The present v ork is concerned vnth a comparison of the antitrjrptic and 
antiplasnuc actimties of various bovine plasma fiactions, casein being used 
as a substrate The ratio of antitryptic to antiplasnuc activity for the 
vanous inhibitor fractions prepared was used as an index of whether all of 
the antiproteolytic activity of beef blood against trypsm and plasmm is 
due to one inhibitor or to separate proteol3rtic mhibitois The data ob- 
tained are m agreement mth the assumption that the antiproteolytic ac- 
tivity of beef blood against trypsin and plasmm is exerted by a single in- 
hibitory factor 


EXPEHIAIENTAL 

Preparation of Various Antiproteolytic Fractions from Bovine Plasma — 
The procedure for obtaimng inhibitor Fractions I and II is sirmlar to that 
employed by Loomis et al (6) and by Peanasky and Laskowski (7) 
Inhibitor Fraction I — Oxalated bovine blood was collected at the slaugh- 
ter house and centnfuged at 4° To 1 hter of oxalated plasma, cooled to 
0~5°, were added 1500 ml of 0 9 per cent sodium chlonde After thoiough 
605 gm of ammomum sulfate were slowly added with stiinng and 
the solution was allowed to stand at 0—5° for at least 4 hours After cen- 
tnfugation m the cold for 45 minutes at 1300 X g, the supernatant flmd 
was adjusted to pH 3 7 to 3 8 vuth 5 n sulfuric acid, stirred for 10 minutes 
^t 4°, and centrifuged at 4° for 45 minutes at 1300 X g The precipitate 
was discarded and the supernatant flmd immediately adjusted to pH 6 to 
I vith 5 N sodium hydroxide To each 100 ml of solution, 28 05 gm of 
^^monium sulfate were slowly added with constant stirring After stand- 
ing for about 4 hours m the refrigerator, the solution was centrifuged The 
supernatant flmd was discarded and the precipitate was dissolved m a 
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immmum of distilled water and dialyzed against distilled watei at 4° 
After dialysis, the protein concentration of the solution was adjusted to 1 
per cent by the addition of distilled water, and 42 gm of ammonium sul- 
fate stirred in, at room temperature, for each 100 ml of solution After 
standing at room temperature overmght, the solution was centiifuged and 
7 gm of aimnomum sulfate for each 100 ml of the origmal 1 per cent pro- 
tein solution were added to the supernatant flmd After 4 to 6 hours at 
room temperature, the solution was centrifuged and the resulting precipi- 
tate dissolved in a immmal amount of distilled water This solution was 
dialyzed against distilled water at 4° and lyophihzed (inhibitor Fraction 

I) 

Inhibitor Fraction II — Inhibitor Fraction I v as dissolved in 0 9 per cent 
sodium chloride at a protein concentration of 1 per cent For each 100 ml 
of the solution, 35 gm of ammonium sulfate were added with stirnng at 
room temperature Any precipitate formed was removed by centrifuga- 
tion and the supernatant flmd, after being cooled to 0°, was adjusted to 
pH 4 0, stirred for 10 minutes at 0°, and centrifuged m the cold, and the 
supernatant flmd was adjusted to pH 7 0 7 gm of ammomum sulfate 

were added for each 100 ml of the initial solution and the mixture was held 
at room temperature for 4 to 6 houis Any resulting precipitate was le- 
moved by centiifugation and 14 gm of ammomum sulfate for each 100 ml 
of the imtial solution were added The entire procedure was lepeated three 
times or until no piecipitate was formed, except in the final fraction, which 
precipitated between 60 to 80 per cent saturation with ammomum sulfate 
The final precipitate was dissolved m distilled water, dialyzed against dis- 
tilled water at 4°, and lyophihzed (inhibitor Fraction II) 

Electrophoretic Separation of Inhibitor Fraction II — A. continuous paper 
electrophoresis technique, as desciibed by Selden and Westphal (8), was 
employed for further fractionation of inhibitor Fraction II The prepara- 
tion was dissolved in Michaehs buffer (pH 8 6, /z = 0 05) at a protein con- 
centration of about 6 per cent The solution was fed on to Whatman 3 
MM paper for 94 horns at an apphed potential of 225 volts The stained 
electrophoresis pattern showed essentially four fractions of different mo- 
bilities 

Heat Inactivation Studies — Inhibitor Fi action I or II, m concentrations 
of 1 2 per cent in tns(hydroxymethyl)aminomethane (Tris)-NaCl buffer,^ 
was heated at various temperatures and lengths of time, as indicated in 
Table II, cooled rapidly in ice water, and tested For antiproteolytic as- 

1 Tris-NaClbufferof pH 7 25 12 5 gm of Tris were dissolved m 500 ml of distilled 
water After addition of 20 gm of sodium chloride and 85 ml of 1 n hydrochloric 
acid, the volume was brought to 2 liters and the pH, if necessary, was adjusted to 

7 25 
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says, the solutions weie diluted with Tiis-NaCl buffer to appropriate con- 
centiations and the antiproteolytic activity of the heated material was 
compared with that of unheated control samples 
Enzyme Prepaiahons — Tiypsin, a stock solution containing 3 to 4 mg of 
crystalline salt-fiee trypsin^ m 100 ml of 0 0025 n hydrochloric acid, was 
used Plasmm, 200 gm of dried human plasma, Fi action III,^ was finely 
ground and extracted mth 4 liters of 0 2 n sulfuric acid for half an hour at 
room temperature (9) About 10 gm of Cehte were added to the mixture, 
which was filtered rapidly through a Buchner funnel The filtrate was imme- 
diately adjusted to pH 7 to 7 5 -with 4 n sodium hydroxide, and ammomum 
sulfate was added slowly with stirring to 20 per cent of saturation (14 gm of 
salt for each 100 ml of solution) The solution was filtered as before, and 
the same amount of ammomum sulfate used m the first precipitation was 
added to the filtrate The imxture was allowed to stand at 4° for 3 to 4 
hours, and the precipitate, obtained after centrifugation at 4° for 1 hour at 
1300 X g, was dissolved m 300 ml of 0 066 m phosphate buffer of pH 7 2 
To the solution were added 3000 units of streptokinase^ for each gm of 
human plasma Fraction III used as starting material After standing for 
15 to 30 minutes at 25-26°, the mixture was adjusted to pH 3 0 with 1 n 
hydrochloric acid and dialyzed against 0 001 n hydrochloric acid at 4° until 
it was free from sulfate ions The crude plasimn, obtained after lyophihza- 
tion, was made up to a 1 per cent solution m 0 001 n hydrochloric acid 
Sodium chlonde was added to a concentration of 3 per cent and the mix- 
ture was kept at 4° for 3 to 4 hours Any precipitate formed was removed 
by centrifugation and the supernatant fimd was brought to 20 per cent 
sodium chloride concentration After standing for 2 hours at 4°, the pre- 
cipitate was removed by centrifugation, dissolved m 0 001 n hydrochloric 
acid, dialyzed against 0 001 n hydrochlonc acid in the cold, and lyophilized 
This partially purified plasmm preparation was soluble in distilled water 
It was found that the proteolytic activity of this matenal was of an order 
similar to the human plasmm preparation® of Fishman and Kline (10), who 
employed a somewhat different purification procedure 

Casein Substrate — A 1 per cent casein (11) solution was prepared by heat- 
ing 1 gm of casein in 100 ml of pH 7 4 phosphate-sahne buffer at 100° m 
a water bath for 15 minutes After filtration from traces of insoluble ma- 
terial, the solution was stored in a refngerator 

^ Obtained from Worthington Biochemical Corporation, Freehold, New Jersey 
® Obtained through the courtesy of the American National Red Cross and kindly 
supplied to us by the Cutter Laboratories 

^ Streptokinase-streptodornase varidase was supplied to us through the generosity 
of Lederle Laboratories Division, American Cyanamid Company 

® Kindly supplied to us by Dr Daniel L Kline, Yale University School of Medi- 
cine, New Haven, Connecticut 
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Anhproteolyhc Test— A modification of the methods of Northrop et al 
(12) and of Remmert and Cohen (13) was employed for deterimmng pro- 
teolytic and antiproteolytic activities with casein as substrate 
To 1 ml of the buffered inhibitor solution was added 1 ml of stand- 
ardized plasmin or trypsin solution ® Inhibitor and enzyme were permitted 
to react for 30 nunutes at 25-26°, 2 ml of 1 per cent casein solution were 
then added and the imxture was incubated for 30 nunutes at 35° ± 1° 
Proteolytic activity was stopped m the blanks contaimng enzyme and in- 
hibitor immediately after the addition of the casein solution, and m the 
samples after 30 nunutes incubation, by the addition of 5 ml of 5 per cent 
trichloroacetic acid The tubes were allowed to stand at i oom temperature 
for 2 hours Avith occasional shaking The precipitate was then removed by 
filtration through Schleicher and Schuell No 589 filter paper The optical 
density of the filtrates was read at 280 m/i against appropnate blanks in a 
Beckman DU spectrophotometer All antiproteolytic activity determina- 
tions were earned out in duplicate or triphcate 
Defimkon of Proteolytic and Antiproteolytic Activities — 10 trypsin or 10 
plasmin umts were arbitrarily defined as that degree of proteolytic activity 
which would produce an optical density of 0 500 after incubation with 
casein for 30 minutes at 35° ± 1° It was found that 68 y of the crystal- 
hne trypsin used corresponded to 10 proteolytic trypsin umts Corre- 
spondingly, 1 antitrypsin or 1 antiplasmin umt would be equal to that 
amount of the inlubitor preparation capable of inhibiting 1 unit of trypsin 
(6 8 t) or of plasmin, respectively Curves obtained by plotting optical 
density against the enzyme umts were used to calculate the antiproteolytic 
activity of an inhibitor preparation for trypsm and for plasmin, respec- 
tively The most rehable deterimnations were found to fall in the hnear 
portion of the curves 

In the assay, the difference between the number of proteolytic umts in 
the standard enzyme solution and m the enzyme solution contaimng the 
inhibitor is indicative of the number of enzyme umts inhibited The anti- 
proteolytic activity of an inhibitor fraction has been expressed as antitryp- 
sin and antiplasmin umts per mg of preparation and is the basis for the 
calculation of the ratio of antitryptic to antiplasimc activity 

Results 

The average value of the antitrypsin to antiplasnun ratio for the various 
preparations reported, as well as others not included, was found to be 11 ± 

2 As may be seen from Table I, the ratio between antitryptic and anti- 
plasmic activity was 11 1 for beef seium Several investigators (14-16) 

6 It was found that solutions containing approximately 30 y of trypsin or 2 mg of 
plasmin per ml were most smtable for these antiproteolytic studies 
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have already reported that the inhibition of plasrmn requires a higher con- 
centiation of seium or plasma than is necessaiy to inhibit trypsin of equal 
proteolytic potency 

Should any separation of the antitryptic and antiplasmic activities pres- 
ent in beef blood occur during the various stages of purification or heat 
inactivation, one would expect a corresponding change in the antitrypsin 
to antiplasmin ratio as estabhshed for beef serum Inhibitor Fractions I 
and II, obtained by ammomum sulfate fractionation of bovine plasma, gave 


Table I 

Antiproteolytic Activity of Bovine Scrum and Various Plasma Fractions 


Material 

AnUtrypsm 

units 

Antiplasmin 

units 

Antitrypsin- 

antiplasmm 

ratio 

Beef serum* 

per ms proton 

310* 

per ms protein 

28 0* 


Inhibitor Fraction I 

13 3 

1 4 


« .. jj 

31 0 

2 4 


Electrophoresis starting material 

28 0 

2 3 


Electrophoretic Fraction A 

5 5 

0 5 


« « B 

12 0 

1 0 

malm 

“ << 0 

18 0 

1 6 

mSSm 

“ « D 

74 0 

5 6 

■SI 

« a g 

79 0 

7 2 

■■ 


The values given for serum, Fractions I and II, are the average of four and, for 
the electrophoretic fractions, of two experiments Electrophoretic Fractions A, 
B, and C refer to the middle components collected and Fractions D and E are the 
fast moving components The antiproteolytic activities of the slow as veil as the 
fastest moving components were negligible and, therefore, are not recorded 
* Values for beef serum are given in units per ml 

a ratio of 9 9 and 12 8, respectively, faUmg within the range of the ratio 
estabhshed for bovine serum (Table I) 

Table I also presents the results for the fractions obtained by electro- 
phoretic separation Most of the antiproteolytic activity was obviously 
concentrated m the fast moving component The antitryptic activity, 
found for Fractions D and E, would indicate that 1 mg of these inhibitor 
pieparations would inactivate about 0 5 mg of crystalline trypsin The 
data of Table I also illustrate the point that no sigmficant change m the 
antitrypsin to antiplasmin ratio was found for any of the fractions obtained 
by electrophoresis 

Table II presents the results of experiments m heat inactivation vuth 
inhibitor Fractions I and II The data show that the antitrjqism to anti- 
plasrmn ratios for the various heated preparations remained reasonably con- 
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stant, the variations being well within the lange of expeiimental error 
It would appear, therefore, that the thermal destruction of antitryptic and 
antiplasimc activities occurred at the same rate It would seem that the 
more highly punfied inhibitor Fraction II was somewhat more heat-stable 
than the inhibitor Fraction I (Table II) 

Shuhnan (2) reported that heating of human serum at 60° for 20 mmutes 
decreased antitryptic activity to 10 per cent of its original value, while the 
ability to inhibit plasmin remained practically unchanged As may be 
seen from Table II, comparatively little loss m antitryptic activity of 
inhibitor Fractions I and II occuired when they weie heated at 60° for 45 


Table II 

Heat Inactivation of Antiproteolytic Activity 



Material 

i 

1 





°c 

m\n 

per mg 
protein 

per mg 
protein 


Inhibitor Fraction I 

Control unheated 


14 3 

1 5 

9 6 


60 

45 

11 0 

1 2 

9 2 


65 

45 

8 3 

0 7 

11 7 

1 

70 

20 

4 0 

0 3 

11 8 


70 

30 

2 5 

0 2 

10 3 

Inhibitor Fraction II 

Control unheated 


31 0 

2 4 

12 7 


60 

45 

23 0 

2 2 

10 5 


65 

45 

28 0 

2 2 

12 7 


70 

30 

13 0 

1 2 

10 8 


Values given are an average of four experiments 


imnutes It is qmte possible that human blood may contain a heat-labile 
specific antitryptic factoi which, apparently, is not present in bovine blood 
Recently Shulman (17) described an antitrypsin preparation from human 
plasma which is comparatively heat-stable The possible identity of this 
inhibitor mth the antiproteolytic factor from bovine blood has still to be 
elucidated 


DISCUSSION 

The present findings are in agreement ivith the assumption that the anti- 
proteolytic activity of bovine blood, measured against trypsin and plasmin, 
IS due to a single inhibitor In contrast mth this finding is the evidence 
for the presence in human blood of different proteolytic inhibitors which 
differ m their specific effect on trypsin and plasmin (1-5) It is obvious 
from the data presented that, m order to inactivate a given amount of pro- 
teolytic plasmm actmty, it was necessary to use approximately 10 tunes 
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as much inhibitor preparation as for an equal amount of trypsin activity 
measmed on casern It may, theiefore, be possible to obseive m ainl y 
antitryptic actmty and compaiatively httle antiplasmic activity if the 
amounts of the inhibitoi preparation employed in the antiplasmin assay 
are not ivithin the propei concentration range This ratio of antiplasmic 
to antitryptic activity would have to be taken into account when the 
antiplasmic activity of an inhibitor preparation is measured against human 
plasmin 


SUMMARY 

The results of experiments designed to separate antitryptic and antiplas- 
mic activities of boinne blood by ammomum sulfate fractionation, by elec- 
trophoresis, and by heat inactivation agree with the assumption that the 
antiproteolytic activity of bovine blood against trypsin and human plasnun 
IS due to a single inhibitory factor 
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ON THE NATURE OF THE INHIBITION OF GLUTAMATE 
OXIDATION BY THE CARCINOGEN, 
iV-2-FLUORENYLDIACETAMIDE 

Bt euth k kielley 

{From the National Cancer Institute, National Institutes of Health, Department 
of Health, Education, and Welfare, Bethesda, Maryland) 

(Received for publication, November 9, 1956) 

The inhibition of glutamate oxidation by various fluorene carcinogens 
was reported m a brief commumcation (1) Of the pyridine nucleotide- 
hnked oxidations studied m rat hver mitochondria, L-glutamate, a-keto- 
glutarate, d-isocitrate, and DL-/3-hydroxybutyrate, only glutamate oxida- 
tion was markedly inhibited The degree of this mhibition was roughly 
correlated with the known carcmogemcity of the fluorene compound (2) 
Further mvestigations on the nature of the inhibition are presented m this 
paper ^ The results of these studies mdicate that the carcmogen, ^-2- 
fluorenyldiacetamide,^ mhibits the glutamic dehydrogenase of mitochon- 
dria by actmg as a powerful inhibitor of DPN+ for the enzyme In this 
respect, the “native enzyme” present m mitochondria appears to be dis- 
tinctly different from crystalhne glutarmc dehydrogenase, which is only 
shghtly inhibited m a non-competitive manner by the carcmogen 

Materials and Methods 

DPN+ and DPNH of 90 per cent purity, cytochrome c, and crystalhne 
adenosme 5'-phosphate were commercial products The fluorene com- 
pounds were generously contnbuted by Dr H P Morris and Dr H Dyer, 
d-isocitrate was kmdly supphed by Dr G H Hogeboom Crystallme glu- 
tamic dehydrogenase was a product of C F Boehringer, Mannheim, West 
Germany 

Oxygen uptake was determined by the usual Warburg manometric 
method, and morgamc phosphate by the Fiske-Subbarow method Mito- 
chondria were isolated from rat hver by the isotonic sucrose method of 
Schneider (4), with slight modification (5) Extracts of mitochondria were 
prepared by suspendmg the particles, washed three times, from 5 gm of 
hver m 20 ml of 0 07 m KCl-0 025 m K phosphate buffer, pH 7 6, by freez- 
ing, thawmg, and homogenizing them two times, and finally by centrifugmg 

A part of these studies bas been published in a preliminary note (3) 

* Abbreviations used in this paper are as follows 2FdiAA, N-2-fluorenyldiaceta- 
mide, DPN+, diphosphopyridme nucleotide, DPNH, reduced diphosphopyridine 
nucleotide 
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the suspension at 110,000 X g for 25 minutes m the Spmco prepaiative 
ultracentrifuge The clear yellow supernatant extract containmg glutamic 
dehydrogenase was kept frozen until used Crystalline glutamic dehy- 
drogenase centrifuged from 1 ml of suspension m ammonium sulfate solu- 
tion was dissolved m 5 ml of 0 2 m K phosphate buffer, pH 7 6, and thor- 
oughly dialyzed agamst the buffer to remove ammonium sulfate The 
enzyme was kept frozen when not used 

Glutamic dehydrogenase activity was usually determmed from the rate 
of reduction of DPN+ The test system contained 0 2 ml of 0 3 m K phos- 
phate, pH 7 6, DPN+ as mdicated m Tables I to V and Figs 1 to 3, 0 05 
ml of enzyme diluted when necessary with 0 07 m KCI-0 025 m K phos- 
phate, pH 7 6, 0 1 ml of 0 3 M K glutamate, pH 7 6, and water to make 
a final volume of 3 ml When activity was determmed m the presence of 
carcmogen, the caicmogen was added either as a dilute aqueous solution re- 
placing most of the customary water volume or as an ethanohc solution, 
usually 0 05 ml , m which case an equal volume of ethanol was added to the 
control cell Ethanol addition was made after addition of enzjone to pre- 
vent precipitation of caicmogen at high levels, and, m these mstances, 
glutamate was added last to start the reaction When aqueous solutions 
of carcmogen were employed, the enzyme was added last The change in 
optical density at 340 m/n for 2 or 5 minutes was taken as the activity read- 
ing The initial reading for zero time was taken 30 seconds after the reac- 
tion was started The method of Olson and Anfinsen (6) was used when 
glutamic dehydrogenase activity was determmed by oxidation of DPNH 

Results 

Experiments with Whole Mitochondria — The inhibitory effect of the car- 
cinogen, 2FdiAA, on the oxidation of a number of different substrates is 
shovm m Table I It is especially noteworthy that glutamate oxidation as 
well as the accompanying phosphorylation was almost completely mhibited 
by the caicmogen (87 per cent inhibition) m contrast to the other pyridine 
nucleotide-lmked oxidations studied which were considerably less mhibited 
The oxidation of d-isocitrate, presumably also mvolvmg a DPN+-lmked oxi- 
dation in mitochondria (7, 8), was moderately inhibited (37 per cent) and 
that of ^-hydroxybutyiate a httle less so (27 per cent) The oxidation of 
a-ketoglutarate was only slightly inhibited (10 per cent), while that of suc- 
cinate was almost unaffected Inhibition of oxidation was m each case 
accompamed by lower phosphate uptakes which were proportional to the 
decreased oxygen uptakes The P 0 ratios were thus not influenced by the 

carcinogen , 

The degree of inhibition of glutamate oxidation by 2FdiAA appeared to 
be influenced by a number of factors The effect of carcmogen concentra- 
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tion, the “state” of the mitochondiia, and addition of DPN+ on the inhi- 
bition 1 espouse is shown in Table II It is seen that, at an external cai- 
cinogen concentiation of 1 2 X 10“^ M, inhibition of oxidation became 
significant Furtheimore, the inhibition increased after the mitochondria 
had stood for 30 minutes m the cold, although m this time interval the 
oxygen uptake of the uninhibited system remained unchanged Finally, it is 


Table I 

Inhibition of Oxygen and Phosphate Uptakes by N -2 -Fluor enyldiacetamide in 
Oxidation of Various Substrates by Rat Liver Mitochondria 


Substrate 

I Oxygen uptake 

j Phosphate uptake 

P 0 

Control 

2FdiAA 1 

Control 

2FdiAA 

Control 

2FdiAA 




fimoles 

fiinoles 



L -Glutamate 

129 

17 

24 9 


2 17 

1 32* 

d-Isocitrate 

106 

67 

17 2 

■eh 

1 82 

1 84 

DL-fS-Hydroxybutj^rate 

61 

45 

15 1 

11 5 

2 77 

2 86 

ce-Ketoglutarate 

88 

79 

17 6 

16 6 

2 24 

2 35 

Succinate 

269 

264 

31 9 ' 

1 


1 33 

1 31 


* Phosphate uptake in this case was too small for accurate measurement In 
other experiments in which less inhibition was noted, the P 0 ratios determined for 
glutamate oxidation in the presence of 2PdiAA were equal to those of the controls 
The reaction vessels contained 0 05 M histidine, 0 005 m MgCfi, 0 0167 m phosphate, 
0 0069 M adenosine 5 '-P 04 , 1 33 X 10~^ m cytochrome c, 0 038 m KCl, and oxidizable 
substrate at the following concentrations 0 035 m glutamate, 0 01 m isocitrate, 0 015 
II a-ketoglutarate, 0 015 m )3-hydroxybutyrate, 0 04 m succinate, all were added as 
the K salt adjusted to pH 7 0,0 025 ml of absolute ethanol with or without dis- 
solved carcinogen, 1 5 X 10"^ m 2FdiAA final concentration, and 0 1 to 0 2 ml of mito- 
chondria and water Final volume, 1 5 ml , pH 7 0 Incubation time, 30 minutes, 
including 5 minutes for equilibration, temperature, 28° Oxygen uptake during the 
equilibration period was assumed to be equal to that measured during the first 5 
minutes To stop the reaction, 0 3 ml of 15 per cent perchloric acid was added from 
the side arm The results are expressed according to the mitochondria obtained 
from 100 mg of liver 


noted that addition of DPN+ in excess over the amount of carcmogen 
present prevented inhibition to a large extent 
In some early experiments on the inhibition effect, it was observed that 
mitochondria which had lost phosphorylatmg abdity showed considerably 
less mhibition of glutamate oxidation by 2FdiAA than did moie intact 
particles It was of mterest theiefore to see what effect 2,4-dinitrophenol 
would have on the mhibition response of mtact mitochondria In Table 
III it IS seen that dmitrophenol appealed to release the inhibition caused 
by the caicmogen Fiom an initial mhibition of 94 per cent, when no 
dimtrophenol was present, the inhibition dechned progressively vith in- 
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creasing concentrations of dinitrophenol until, at 2 X 10“^ m dimtrophenol, 
the inhibition amounted to only about 13 per cent 
The inhibition of glutamate oxidation by 2FdiAA was found to be rever- 
sible Mitochondria premcubated with 1 5 X 10'^ m 2FdiAA showed no 


Table II 

Influence of Carcinogen Concentration, “State” of Mitochondria, and Addition of 
DPN* on Inhibition of Glutamate Oxidation 



Oxygen uptake 

Conditions 

2FdiAA, 

0 00 

2FdiAA, 

6 X 10-‘ IT 

2FdiAA, 

1 2 X I0-‘ 
u 

2FdiAA. 

1 8 X 

21 

1 

2FdiAA, 

2 4 X 10'» 
u 



Ml 

Ml 

Ml 

Ml 

Mitochondria immediately after prep- 






aration 

64 

49 

26 


15 

Mitochondria 30 min after preparation 

7 5 X 10~^ M DPN+ present in incuba- 

1 65 

40 

7 


2 

tion medium, mitochondria 60 min 
after preparation 

91 


54 


! 

46 


The conditions were those indicated in Table I, time, 18 minutes 


Table III 


Release of SFdiAA-Induced Inhibition of Glutamate Oxidation by S,4-Dinitrophenol 


Dimtrophenol concentration 

Oxygen uptake 

Control 

2FdiAA 

Inhibition 

M 

Ml 

Ml 

per cent 

0 00 

85 

5 

94 

2 X 10-' 

86 

17 

80 

5 X 10-' 

81 

33 

59 

1 X io-< 

76 

50 

34 

2 X 10-* 

78 

68 

13 


The conditions were those described m Table I The results are expressed ac- 
cording to the mitochondria obtained from 75 mg of liver 


impainnent of glutamate oxidation after the carcmogen was washed out or 
after a 10-fold dilution showed no more mhibition than a non-treated con- 
trol in the presence of 1 5 X 10~® m 2FdiAA 
Experiments vnth Extracts of Mitochondria — In an attempt to define more 
precisely the mechanism of action of the carcmogen on glutamate oxidation, 
the reaction was studied with extracts of mitochondria In Fig 1, A, the 
relation between glutamic dehydrogenase activity of mitochondnal extract 
and DPN+ concentration m the presence and absence of 2FdiAA is shown. 
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the behavior of crystalline glutamic dehydrogenase under similar conditions 
IS shoivn in Fig 1, B It is at once apparent that the carcinogen inhibited 
the mitochondrial enzyme to a sigmficantly greater extent than the crys- 



10*4 M DPN 

Fia 1 Relation between DPN+ concentration and glutamic dehydrogenase ac- 
tivity in the presence and absence of 2FdiAA A, mitochondrial extract, B, crystal- 
line glutamic dehydrogenase The reaction cell contained 2 5 ml of 1 52 X 10~^ m 
2PdiAA to give a final concentration of 1 X 10“^ m carcinogen Other additions and 
conditions are described in the text Time, 2 minutes 



l^gXIO 


Fig 2 Lmeweaver-Burk plot of the data in Fig 1 A, mitochondrial extract, 
B, crystalline glutanuc dehydrogenase 

tallme enzyme, particularly at the lower DPN+ concentrations A Line- 
weaver-Burk plot of the data of Fig 1, A, over a restricted range of DPN+ 
concentrations is shown m Fig 2, A The character of the plot indicates 
that a competitive type of inhibition is essentially mvolved The slight m- 
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hibitory effect of the caicinogen on the crystalline enzyme appears to be 
non-competitive (Fig 2, B) 

The effect of caicinogen concentiation on inhibition of glutamic de- 
hydrogenase activity IS shown in Fig 3 It is seen that increasmg con- 
centrations of 2FdiAA caused a progressive mcrease in inhibition to a pomt 
at which solubihty of the carcinogen became the limiting factor, at about 



Fig 3 Effect of 2FdiAA concentration on glutamic dehydrogenase activity of 
mitochondrial extract DPN+ concentration, 6 X 10~* m, time, 2 minutes 0 05 ml 
of ethanol containing dissolved carcinogen Other additions and conditions were 
those described in the text 

1 5 X 10“'' M It IS also seen (Fig 3) that, under the conditions of the ex- 
periment (preincubation), 50 per cent inhibition occurred at a carcmogen 
to DPN+ ratio of about 1 6 

The effect of other fluorene compounds on the glutamic dehydrogenase 
activity of imtochondrial extract is shown m Table IV iV-2-Fluorenyl- 
acetamide was nearly as inhibitory as the correspondmg diacetamide, 
whcTcas 2-fluoreneamine was somewhat less inhibitory These compounds 
were ioUowed by V-l-fluorenylacetamide and iV-i-fluorenylacetamide m 
order oi decreasmg inhibition Under the conditions of the experiment, 
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all of the fluoiene denvatives tested exeited some inhibitory effect Again, 
as in the expeiiments with whole mitochondiia, theie is a relation between 
the 01 del of the compounds with respect to inhibition of glutamate oxida- 
tion and then lelative carcinogenicity (1) 


Table IV 


Effect of Various Fluorenc Derivatives on Glutamic Dehydrogenase Activity 

of Mitochondrial Extract 


riuorene compound 

Glutamic dehydro 
genase activity 

None 


0 098 

A-2-FIuorenyldiacetamide 


0 058 

V-2-Fluorenjdacetamide 



2-Fluoreneamine 



V-l-Fluorenylacetamide 


0 071 

N -4-Fluorenylacetamide 


0 078 


The cuvettes contained 0 02 ml of 0 009 m fluorene compound dissolved m ethanol, 
0 05 ml of 0 015 M DPN+, 0 05 ml of mitochondrial extract, and other additions as 
described in the text, time, 5 minutes 

Table V 

Glutamic Dehydrogenase Activities of Mitochondrial Extract and of Crude 
Enzyme Fraction Precipitated by Ammonium Sulfate 


Glutamic dehydrogenase activity 


Enzyme 

By DPN+ reduction 

By DPNH oxidation 


Control 

2FdiAA 

Control 

2FdiAA 

Untreated extract 

Crude enzyme fraction 

0 075 

0 054 

0 036 

0 032 

0 289 

0 167 

0 135 
0 128 


Preparation of crude enzyme 5 ml of mitochondrial extract were treated isith solid 
ammonium sulfate to 70 per cent saturation The precipitate after 30 minutes i\as 
centrifuged, dissolved in 3 ml of 0 07 m KCl-0 025 m K phosphate, pH 7 6, dialyzed 
against repeated changes of the buffer to remove ammonium sulfate, and finally 
brought to the original volume of 5 ml with the buffer 5 ml of untreated extract 
were dialyzed in the same buffer for the same period of time Conditions of assay 
0 05 ml of 0 015 m DPN+ or DPNH, 0 05 ml of mitochondrial extract or its equiva- 
lent, 0 025 ml of 0 009 m 2FdiAA dissolved in ethanol, other additions and conditions 
^ere as described in the text, time, 5 minutes 

Inhibition of glutamic dehydrogenase actmty of mitochondrial extract 
by 2FdiAA was independent of the diiection in which the reaction was 
measuied As seen in Table V, at a DPNH concentration equal to that 
of DPN+, the peicentage mhibition of DPNH oxidation was nearly the 
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same as that of DPN+ reduction Treatment of the mitochondrial extract 
with ammonium sulfate to 70 per cent saturation yielded a crude enzyme 
fraction which, after dialysis, showed less sensitivity to the inhibitory ac- 
tion of the carcmogen than the enzyme m the untreated extract, especially 
when the method of assay was by DPNH oxidation (Table V) The sus- 
ceptibility of the isolated crude enzyme to the inhibitory action of the 
carcmogen appears to be mtermediate between that of the native enzyme 
of the extract and that of the crystaUme enzyme 

DISCUSSION 

The effect %n vitro of the fluorene carcmogens on biological oxidations m 
rat hver mitochondria appears to be an mhibition of DPN+-hnked oxida- 
tions, notably glutamate oxidation Studies on the mechamsm of inhibi- 
tion with soluble extracts of mitochondria clearly show that the carcinogen, 
JV-2-fiuorenyldiacetaimde, acts as a powerful competitor of DPN+ for the 
glutamic dehydrogenase of mitochondria Dependmg upon the condi- 
tions of the experiment, at 50 per cent inhibition, the i atio of carcmogen to 
DPN+ corresponded to values of 1 6 to 1 15, mdicatmg that the mhibitor 
has an aflBmty for the enzyme that may be as great as or considerably 
greater than that of DPN+ The carcmogen functions as an effective in- 
hibitor only on the native enzyme present m mitochondrial extract and 
not on crystallme glutamic dehydrogenase There is some evidence from 
the decreased sensitivity of an isolated crude enzyme fraction that the iso- 
lation piocedure m the preparation of the crystallme enzyme may bimg 
about this change This difference in sensitivity to the carcmogen of the 
“native” and the crystalline glutamic dehydrogenase may represent an ex- 
ample of the possibihty that enzymes m the mtact hvmg cell may possess 
physiologically important properties which are not exhibited by the en- 
zymes after they are isolated 

In consideimg possible reasons for the difference in the mhibition re- 
sponse between the glutamic dehj'-diogenase of mitochondrial extract and 
the crystallme enzyme, it might be supposed that the extract contamed 
some material which, in association with the enzyme, was lesponsible for 
the dimimshed activity m the presence of carcmogen No evidence was 
obtained, however, that material m the mitochondrial extract combmed 
in this manner with added crystallme glutamic dehydrogenase The m- 
hibition observed with a mixtuie of the extract and the crystalline enzyme 
m the piesence of carcmogen was the average of the inhibitions shown by 
the separate prepaiations 

The results of the present studies on the mechamsm of mhibition of 
glutamate oxidation as earned out with soluble extracts of mitochondria 
offer some basis for the mterpretation of the response of intact mitochon- 
dria to the carcmogen under a variety of conditions In experiments 
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watli whole mitochondua, it was observed that different preparations of 
mitochondria often showed consideiable vaiiation in their ability to oxidize 
glutamate in the absence of added DPN+ and still more variation in the 
magmtude of the inhibition response to the carcinogen Some prepara- 
tions from piesumably noimal healthy rats would not oxidize glutamate at 
aU without added DPN+, otheis would initially show some activity but 
would become inactive quickly (15 minutes in the cold) Dianzam (9) has 
observed similar instabihty of DPN+ in hvei mitochondria from animals 
receiving treatments that produce fatty hveis In general, mitochondria 
from adult male Sprague-Dawley rats, weighing about 200 gm and kept 
on a diet of Purma chow, were relatively stable, showing no declme m rate 
of glutamate oxidation in the absence of added DPN+ up to 4 hours of 
storage at 0° Such mitochondria were used m obtaimng the results re- 
ported m this paper In view of the dependence of the mhibition re- 
sponse on DPN+ concentration, it is not surprising that mitochondria often 
showed these wide and changing responses to the carcinogen as a leflection 
of the state of OPN"*" within the particle More specifically, the mhibi- 
tion response might be directly related to the concentration of DPN+ as- 
sociated with glutamic dehydrogenase vuthin the rmtochondria With so 
called tightly coupled mitochondria that maintam DPN+ for lelatively 
long periods, the degiee of inlubitions observed was considerably greater 
than that frequently observed with less tightly coupled mitochondria that 
lose DPN+ rapidly The largei mhibition response of tightly coupled 
nutochondna, m spite of their expected higher total levels of DPN+, might 
be attributed to a rather limited supply of DPN+ actually available to the 
enzyme, namely, that which is specifically bound to glutamic dehydro- 
genase and that which is present as free DPN+ The greater part of the 
DPN+ m the mitochondua, viewed as being bound to other dehydrogenases 
(10), IS therefore not available to affoid protection against inhibition ac- 
cording to this picture The release of the carcinogen-induced inhibition 
by 2,4-dmitrophenol, however, suggests that a relatively laige amount of 
bound DPN+ was set fiee by this reagent weU known for its uncouphng 
effect on oxidative phosphorylation (11) The increase m free DPN+ m 
the nutochondna by this postulated mode of action of dimtrophenol could 
provide considerable protection against the inhibitory action of the car- 
cinogen The state of DPN+ in less tightly coupled mitochondria may be 
comparable to that produced by dimtrophenol m tightly coupled mito- 
chondria It IS conceivable that, in the less tightly coupled state, the 
particles are not able to maintain DPN+ m a bound condition very long, 
■nuth the result that more free DPN+ is available for a time (before under- 
gomg enzymatic destruction or diffusion out of the particle) to promde 
some protection against inhibition 

The wide variation m the mhibition response of the same mitochondria 
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moved for duplicate whole blood CO 2 and O 2 content, O 2 saturation, and 
hematocrit determinations The sample was centrifuged under mineral 
od which had previously been saturated with CO 2 , and plasma was removed 
for the deterimnation of CO 2 content m duphcate and pH in triplicate by 
gentle suction into a Van Slyke pipette The remaimng supernatant 
plasma and buffy coat weie removed by suction into a micropipette and 
discarded The red cells, still under oil, were hemolyzed without exposure 
to air by repeated freezing and thawing, by employing a dry ice-alcohol 
mixture The red cell hemolysate was then analyzed for CO 2 and O 2 con- 
tent in duphcate and pH m tiiphcate 

CO 2 and O 2 analyses of plasma, whole blood, and cell hemolysate ivere 
performed by the method of Van Slyke and Neill (7) The pH of plasma 
and cell hemolysate was determined vnth a Cambridge research model pH 
meter by employing a constant temperature (37° dr 0 3°), water-jacketed 
Macinnes-Belchen glass microelectrode standaidized to 0 01 pH umt after 
each measurement Plasma water and whole blood water content were 
determined by dr 3 ang known volumes to constant weight Cell water con- 
tent was calculated from these data and the hematocrit 


Calculations 


It IS assumed that the red cell is freely peimeable to CO 2 and that the 
partial pressure of CO 2 m the plasma {Pco^p is equal to the partial pres- 
sure of CO 2 within the red cell {Pco^c The value 6 11 is employed as 
pKi' for carbomc acid in plasma (3) No correction is made for carbammo 
protein in plasma Total CO 2 (dissolved CO 2 + H 2 CO 3 ) in the plasma 
and red cell, m millieqmvalents per kilo of water, is obtained by multiply- 
ing the solubihty coefficient of CO 2 , a, by Fco 2 (3), where ap = 0 0334, 
and ac = 0 0362 When all concentrations are in molal quantities (miUi- 
eqmvalents per kilo of water) 


( 1 ) 


pH = pKt' - 1 - log 


[HCOa-] 
[CO2 + H2CO3] 


( 2 ) 


pH = pKi' + log 


[total CO2 — ttPcoil 
[aPcoj] 


Total CO 2 content of the red cell was collected for carbanuno hemoglo- 
bin at Pcoi of 40 mm of Hg by assuming that 0 11 mmole of CO 2 combines 
as carbanuno hemoglobin per mmole of oxyhemoglobm and 0 33 mmole 
of CO 2 as carbanuno hemoglobin per mmole of reduced hemoglobin (5, 6) 
The partition of oxyhemoglobin and reduced hemoglobin in gm was cal- 
culated from the O 2 content and O 2 saturation, on the assumption that 1 
gm of hemoglobm combines with 1 34 cc of oxygen (8) Plasma Pcoz is 
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calculated from Equation 2 as 


(3) 


[total COj] 

"" 0 0334(antilog (pHp - 611) + 1) 


and pK/ is calculated for the led cell from this value and the observed 
values for hemolysate pH and total CO 2 content as 


(4) 


pKi' = pHe - log 


(total CO 2 — carbamino CO 2 — 0 0362Pco2) 
(0 0362Pco2) 


Total CO 2 and O 2 contents of cell hemolysate check fairly well with the 
values calculated fiom whole blood and plasma analyses and hematocrit, 
but for oui calculations we have prefeired to use the latter because of the 
slow and vanable drainage of the viscous hemolysate fiom pipettes 


RESULTS AND DISCUSSION 

Table I presents the data from which pK/ for carbomc acid in cells has 
been calculated The average value for venous blood from eleven normal 
individuals is 6 18 In view of the total number of calculations reqmred 
to obtam this final term, the range of the eleven values is not large (6 07 
to 6 26) There is no overlap vnth the highest previous mean value, 6 04 
(3), which was obtained by the exaimnation of one sample of hemolysate 
examined at various CO 2 tensions and vnthout correction for carbamino 
CO 2 

Previous estimates of pKi' mcluded the CO 2 m carbamino hemoglobin as 
part of [HC 03 ~] As shoivn by Equation 1, any factor which reduces 
[HC 03 “], the other terms remaimng constant, wiU increase pK/, hence 
correction for carbamino hemoglobin operates to increase pKi' The ac- 
curacy of this value depends in part on the accuracy of the constants de- 
fining the chemical combination of CO 2 as carbannno hemoglobin, and it 
must be noted that the constants used here are average ones calculated from 
the data of Ferguson and Roughton (5) We consider them as only ap- 
proximations, since the method of measuring carbamino CO 2 is difficult and 
yields somewhat vanable results 

Cell pH IS a cntical factor in calculating pKi', and in our calculations 
the pH of the hemolysate is assumed to be identical with that of the intact 
red cells This assumption is, we beheve, wan anted by Hams and Mai- 
zels’ (9) demonstration that the buffenng power of intact cells agrees 
closely Avith the buffenng power of hemolyzed cells, indicating that rupture 
of the cell membrane does not alter cell proteins or buffers in a manner to 
affect [H+] sigmficantly 

In non-ideal solutions, the activity of specific amons (or cations) differs 
from the total concentration in consequence of the restraimng effects of 
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other ions This departure from ideal behavior is subsumed in the activity 
coefficient, 7 , so that 

(5) [HCO 3 -] = 7[BHC03] 

The activity coefficient of BHCO3 in body fluids is by custom incorporated 
with the dissociation constant, ki, and converted to the logarithmic ex- 


Table I 


Data from Which pKi for Carbonic Acid Is Calculated 


Subjects 

Whole blood 

Plasma 

Erythrocyte 

Calculated pKi' 
(corrected for 
carbammo COs) 

Calculated pKi' 
(uncorrected for 
carbammo CO 2 ) 

Hematocrit 

Os content 

Os capacity 

CO 2 content 

Water content 

w 

p. 

COs content 

Water content 

w 

a 

Total CO 2 
content 

0 

u 

0 

5 

u C3 
cS ^ 

0 3 

H 




cc ftr 

cc per 

m eq 

per 


m eq 

per 


m eq 

m eq 






too cc 

too cc 

per 1 

cent 


per 1 

cent 


per 1 

per 1 



A 

D 

47 8 

15 2 

19 8 

22 2 

82 0 

7 41 

26 9 

92 6 

7 26 

17 1 

14 1 

6 17 

6 08 

M 

T 

49 7 

15 8 

21 0 

23 2 

82 7 

7 41 

28 6 

92 6 

7 27 

17 7 

14 6 

6 21 

6 12 

H 

R 

42 8 

11 4 

18 0 

24 4 

85 2 


29 3 

92 6 

7 23 

17 8 

14 3 

6 21 

6 11 

A 

D 

44 6 

14 2 

17 3 

22 5 

83 3 

7 41 

26 2 

92 7 

7 21 

17 9 

15 4 

6 07 

6 00 

J 

B 

47 6 

14 5 

20 7 

22 0 

82 3 

7 39 

27 6 

92 6 

7 16 

15 8 

12 4 

6 16 

6 05 

P 

C 

44 2 

12 7 

19 7 

24 4 

83 1 

7 37 


92 8 

7 18 

18 6 

14 9 

6 14 

6 04 

W 

F 

44 1 

9 7 

18 8 

24 2 

83 3 

7 42 

29 2 

93 5 


17 9 

13 7 

6 16 

6 04 

A 

B 

40 8 

11 9 

17 4 

22 8 

84 4 

7 36 



mm 

16 7 

13 3 

6 22 

6 11 

J 

B 

50 0 

13 3 

22 3 

22 7 

81 6 

Mfill 

28 6 

93 2 

7 25 

16 8 

12 9 

6 24 

6 11 

F 

M 

39 4 

10 5 

16 4 

23 1 

83 7 

7 38 

27 7 

92 4 

7 24 

16 1 

12 6 

6 25 

6 13 

M 

S 

43 2 

8 3 

16 8 

22 0 

83 6 

7 39 

25 5 

93 2 

7 22 

17 4 

13 6 

6 14 

6 03 

Average 

6 18 

6 07 


pression 

(6) pKi' = log p 

and hence is concealed •within pKi' as calculated in Equations 2, 3, and 4 
The activity coefficient, 7 , is related to the total electrolyte content of 
the solution through p, the lomc strength of the latter 

[1 = 0 52Cv^ 

le , p equals one-half the sum of the terms obtained by multiplying the 
molal concentration of each ion, C, by the square of its oivn valence Debye 
and Huckel (10) demonstrated that, when the 10 ns are treated as point 
charges at near infimte dilution, 7 and p have the foUowmg relation 

—log T = iSu^V p. 


( 8 ) 
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wheie V is the valence of the ion undei consideration, and /3 is a constant 
expiessing the effect of inteiionic foices (8 cannot be deteimined directly 
foi electroljde solutions but is estimated to have a value of 0 522 at 38° 
foi aqueous solutions of bicaibonate comparable to plasma 
With respect to hi, it will be recalled that this is only a nominal dissocia- 
tion constant wluch tieats all free, dissolved CO2 as H2CO3, whereas it is 
well known that eqmhbrium in the leaction 

(9) CO2 + H2O H2CO3 

IS such that the latio of CO2 to H2CO3 in aqueous solutions at ordinary 
temperatures is about 680 1 (11), z e , the true first dissociation constant 
of H2CO3 IS some 680 times the nominal value That this distribution, as 
between CO2 and H2CO3, is identical in a cellular environment contaimng 
some 30 per cent protein and otherwise differing in composition from 
plasma is, at the moment, a purely gratuitous assumption, despite the fact 
that all concentration terms have been calculated per kilo of water How- 
ever, m the absence of evidence to the contrary, we assume that the ap- 
parent first dissociation constant, ki, of H2CO3 is the same in cells and 
plasma It is further assumed that pH as measured by the glass electrode 
IS related to a[H+] in the same manner in the red cell and in the plasma 
The pKi' for red cells (6 18) as calculated here is higher than that of 
plasma (6 11) If eqmhbrium distribution between CO2 and H2CO3 is 
assumed to be the same in red cells and plasma, this difference may indicate 
a lower lomc strength in the red cell than in plasma Alternatively, it 
may indicate that 7 for HC03~ in the red cell is greater than that m the 
plasma, a circumstance contrary to the inference drawn by Van Slyke, 
Hastings, Muriay, and Sendroy (2) Either situation may reflect the high 
concentration of protem in the cell Further analysis must await a more 
accurate determination of the eqmhbrium relations m the formation of 
carbamino hemoglobin 


SUMMARY 

pKi' for carbomc acid m the red cell of normal human subjects has been 
determined after correction of total CO2 content for carbamino hemoglo- 
bin The average value for eleven individuals is 6 18 (range 6 07 to 6 25) 
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Conversion of ethanolanune to choline (1), with methionine serving as 
the methyl donor (2), has been estabhshed m the intact animal Stetten 
(1) observed that the labeled nitrogen of ethanolamine-N’® was retained in 
the choline molecule, and we detei mined that the carbon chain of ethanol- 
amme is the precursor tn vivo of the chohne carbon chain (3) 

Conversion of ethanolanune to chohne by in vitro preparations is in a 
more doubtful state The synthesis of chohne in vitro from methiomne and 
ethanolanune with rat oi guinea pig kidney and hver slices or homogenates 
(4, 6) has been questioned by Veitch and Zweig (6) These authors have 
demonstrated that the disappearance of methiomne, as judged by the 
McCarthy-Sulhvan method, was not the result of transmethylation but 
was actually due to the oxidative deamination of the methiomne, mamly 
by D-ammo acid oxidase present in the tissue preparations Similarly, the 
test for chohne by piecipitating it as the reineckate salt has been claimed 
to be unrehable, as ethanolamine and other bases that occur give insoluble 
remeckates (6) However, chohne has been reported to be synthesized 
from li-methiomne and 2-dimethylanunoethanol by rat liver shoes in the 
presence of 0 001 m KCN, but not by hver homogenates (7) 

Since the earlier in vitro experiments did not employ isotopic tracer 
methods and appaiently did not utilize a rehable procedure for the isola- 
tion of chohne, it appeared that the pioblem of the synthesis of chohne 
from ethanolanune in vitro warranted reinvestigation In view of the lack 
of knowledge of the formation of the phosphatides, the present study of the 
metabolism of ethanolanune in vitro and the formation of chohne was so 
orgamzed as to pernut the investigation to deal with the factors influencing 
the formation of lecithin or phosphatidylchohne 

Methods 

Non-fasted rats of the Long-Evans strain, weighing 165 to 175 gm , were 
billed by a sharp blow with the hand to the back of the head The liver 

* Aided by research grants from the Life Insurance Medical Research Fund and 
the National Heart Institute, United States Public Health Service 
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or Other tissues were immediately removed and placed m ice-cold physio- 
logical saline Seveial slices totaling 500 mg of wet weight/ prepared with 
a Stadie-Riggs microtome, ivere incubated for 2 hours in 5 ml of I&ebs- 
Rmger phosphate solution made up as described by Umbieit et al (8), with 
the exception that the CaCb was 0 0016 m The initial pH of the phos- 
phate solution was 7 4 Incubation was earned out aerobically in 20 ml 
beakers at 37° with the Dubnoff apparatus (9) The rate of oscillation was 
maintained between 90 and 100 cycles per minute 

The radioactive substrates consisted of 3 8 X 10“^ m ethanolamme- 
1,2-CiS piepaied as previously reported (3), with 239,500 counts per 100 
seconds per beaker, 3 0 X 10-* m methiomne-C^^Hj with 311,000 counts 
per 100 seconds pei beaker, and 3 0 X 10~* m sarcosme-C^^Hs with 185,000 
counts per 100 seconds 

The reaction was stopped by the addition of 2 ml of a 3 1 mixture of 
ethyl alcohol-ethyl ether In addition, to facihtate the denaturation of 
the proteins, the thermostat of the incubator was turned up so as to in- 
crease the tempeiature to 75 to 80° and shaking was continued for another 
15 minutes The denatured tissue was then extracted for phosphatides 
or stored m the deep freeze until leady for extraction Extraction for 
phosphatides, hydrolysis, and the column chromatographic separation of 
the phosphatide constituents on Dowex 50 resin were carried out as de- 
scribed previously (3), with the exception that approximately 8 mg of 
carrier choline were added to the mixture of phosphatides and hydro- 
chloric acid before hydrolysis 

The elution point (Ep) of choline from the Dowex 50 (250 to 500 mesh) 
resin column may be deterimned visually by examining the polyethylene 
collecting planchets foi hygroscopic material The Ep value has been 
arbitrarily defined in terms of the numbers of the planchets in which choline 
IS found This value is lelatively constant if such conditions as the den- 
sity and height of the resin bed, rate of flow and normality of the acid elut- 
ing liquid, and temperatuie aie held constant 

The radioactivity of chohne was detei mined diiectly in the planchets 
contaimng chohne by employing the Tracerlab SC-16 wmdowless gas flow 
counter in conjunction with a Nuclear Instrument and Chemical Corpora- 
tion scalei, model No 163 In addition, the reineckate salt derivative 
was prepared by taking up the chohne chloride m a immmal volume of 
water and adding to the aqueous chohne 5 times its volume of a 2 per cent 
Reinecke salt-methanol solution Chohne reineckate was allowed to pre- 
cipitate quantitatively by being stored in the refrigerator or the deep freeze 
for 6 hours The precipitate was then plated on 4 25 cm Whatman No 
42 filter papei by use of conventional procedures, and counted for radio- 

acUvity 

iThe wet weight was taken after gently blotting each tissue slice on filter paper 
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It should be pointed out that the lesin column chromatography for the 
sepaiation of choline assui es the identity of the compound No other com- 
pound known, which gives the leineckate salt leaction, possesses the same 
Ep value as choline Tlus is in contiast to the previous situation for the 
deternunation of choline reviewed by Jukes (10) 

RESULTS AND DISCUSSION 

The incubation of radioactive ethanolamme with lat liver shces in the 
absence of any cofactois resulted in a very small yield of phosphatidyl- 

Table I 

Effect of Factors on Formation of Phosphatidylcholine 

Ethanolamme = 3 8 X 10'^ m, 239,500 counts per 100 seconds, methionine = 3 0 X 
10~^ M, methionine-C^^Hj = 3 0 X 10“^ m, 311,000 counts per 100 seconds, homo- 
cysteine = 3 0 X 10~^ M, cysteine = 3 0 X 10"^ m, betaine = 8 5 X 10"^ m, sarcosine- 
C'^Hs = 3 0 X 10“^ M, 185,000 counts per 100 seconds 


No of 
experimental 
results 

Ethanol 

amine 

1 

Methionine 

Homo 

cysteine 

Betaine 

Sarcosine 

Cysteine 

Total counts in 
phosphatidyl 
choline per 100 
sec 

6 

+* 

0 

0 

0 

1 

0 1 

0 

98 

7 

+* 

+ 

0 

0 

0 

0 

1124 

3 

+* 

+t 

0 

0 

0 

0 

1928 

4 

+ 

-b* 

0 

0 

0 

0 

2710 

4 

0 

+* 

0 

0 

0 

0 

2800 

5 

+* 

0 

+ 

0 

0 

0 

586 

4 

+* 

0 

0 

0 

0 

+ 

98 

8 

+* 

0 

0 

+ 

0 

0 

196 

3 

+* 

0 

-b 

+ 

0 

0 

804 

2 

+ 

0 

0 

0 

+* 

0 

99 

2 

+ 

0 

+ 

0 

+* 

0 

170 


* Radioactive 
t 7 5 X 10~^ M methionine 


chohne,2 representing about 0 04 per cent conversion (Table I) This was 
in contrast to the yield of phosphatidylcholine, lepresenting 2 14 per cent 
conversion, obtained in mvo (3) Three possible explanations for the low 
yield were considered (a) the 3 hour period of incubation was too long and 
most of the choline formed had been oxidized, (&) the radioactive choline 
found in the liver tissue of the intact ammal may have originated in some 
other tissue, and (c) there was a relative absence of necessar 3 " cofactors or 
methjdatmg substances However, shorter peuods of incubation of 30, 

^ The term phosphatidylcholine is used to describe the source of the radioactive 
choline since free choline is considered to be practically insoluble in petroleum ether 
( 11 ) 
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60, and 90 minutes gave similar low values, as did incubations of tissue 
denved from spleen, kidney, intestme, and the pancreas 
Effect of Methionine and Methionine-C^^Hz on Phosphatidylcholine For- 
mation — The addition of non-radioactive methiomne, as a possible methyl- 
ating substance, to the hver shoes caused a maximal yield, under optimal 
conditions, of phosphatidylchohne, of about 19 times the basal level (Table 
I) The conversion under these conditions is approximately 0 8 per cent, 
which represents a considerable inciease above the level of 0 04 per cent 
conversion, m the presence of ethanolanune alone, but still falls short of the 
2 1 to 2 2 per cent conversion obtained in vivo 
The optimal concentration of methiomne for the maximal yield of phos- 
phatidylchohne under our conditions was 7 5 X 10“^ m, the use of higher 
concentrations of methiomne either decreased the jneld oi exerted no effect 
The ethanolanune substrate concentiation appaiently did not represent a 
hmitmg factoi, as 65 to 70 per cent of the ethanolanune substrate always 
remained after the reaction was stopped 

As mdicated m Table I, the transfer of the methyl group of methio- 
mne to phosphatidylcholine is gi eater than the conversion of the C*'*-la- 
beled chain of ethanolanune on an equimolar basis ® This increased yield 
of radioactive phosphatidylchohne, in the presence of labeled methiomne, 
may of course be accounted for by the fact that, on an eqmmolar and ran- 
dom basis, foi every labeled ethanolanune molecule there wiU be three 
labeled methyl groups entering into the reaction 

It will be noted that the presence of methiomne is reqmred for appreci- 
able formation of ladioactive phosphatidylchohne from labeled ethanol- 
anune, wheieas ethanolanune is not reqmred for appreciable formation of 
radioactive phosphatidylchohne from labeled methiomne ® The observa- 
tions of the low yield of phosphatidylchohne when labeled ethanolanune 
alone was incubated with hver slices and the necessity of adding methiomne 
to the incubation of ethanolamme-1 , 2-C^^ to achieve maximal phosphatidyl- 
chohne production indicate that the concentration of methiomne available 
for methylation purposes in the lat hver shoe is hnuted and that the liver 
shce contams a considerable metabohc pool of ethanolanune This obser- 

® The results given in Table I indicate a slightly greater formation of choline from 
methiomne in the absence of ethanolanune In a more recent experiment performed 
by Mr Akira Nakao, a 15 per cent greater increase in the label of choline (counted as 
the reineckate) was obtained in the presence of 2 X 10~^ m ethanolamine in the 
incubation medium than in its absence In this same experiment it was determined 
that the methyl groups of choline contained over 90 per cent of the radioactivity when 
the radioactive substrate was methionine-C^Hs In earlier experiments with etha- 
nolamine-l,2-C^S it was found that about 20 per cent of the label appeared in the 
methyl groups of the choline The methyl groups were cleaved as trimethylamine 
and measured as tetramethylammomum iodide 
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vation IS supported by the widespiead occurrence of ethanolanune phos- 
phate in tissues (12) and the legular excretion of ethanolanune in the 
unne (13) 

Effect of Homocysteine, Cysteine, and Betaine on Phosphatidylcholine 
Formation — Homocysteine, as a preeursoi of methiomne, would be expected 
to play an important role in the formation of phosphatidylchohne The 
per cent conversion attained was 0 25, which is approximately 62 per cent 
of the yield procuied in the piesence of an eqmmolar concentration of un- 
labeled methiomne (Table I) The action of homocysteine is intrinsic and 
not due to its SH group alone, since the presence of cysteine did not increase 
the average actmty of choline above that of experiments in which ethanol- 
ainine-l,2-C^^ was incubated alone 

Betame was lelatively meffective as a piecuisoi of methyl groups for 
phosphatidylchohne The mean activity in phosphatidylchohne resultmg 
from betame was 34 5 per cent of the yield obtained from homocysteine 
However, when homocysteine and betaine were added simultaneously to 
the substrate, the conversion of ethanolanune to phosphatidylchohne was 
as much as 4 times that obtained with betame alone and nearly 2 times 
the yield obtained in the presence of homocysteine (Table I) The small 
effect of betaine on the formation of phosphatidylchohne in vitro and the 
synergistic action of betaine and homocysteine suggest that such a pool 
does not exist At least it is not a pool m the sense that there is a transfer 
directly between these two particular members, ^ e chohne and betame, 
each participatmg equally The transfer of deuterio methyl groups from 
betame to chohne (14, 15) may be explained by homocysteine serving as the 
earner (16) for the betaine methyl groups However, the function of the 
betaine methyl groups appears to reqmre fm’ther investigation 

Effect of Homogenization on Formation of Phosphatidylchohne — ^Attempts 
to secure the methylation of ethanolamme to chohne and phosphatidyl- 
chohne with rat liver homogenates in the absence and presence of adenosine 
triphosphate and folic acid were negative The results were also negative 
when the homogemzation was performed foi periods as short as 30 seconds 
in a contamer surrounded by an ice bath 

Conversion in Vivo of Ethanolamine-1 ,2-C^^ to Phosphatidyl Fatty Acids — 
After 4 hours, the magmtude of the conversion of ethanolanune to the 
phosphatidyl fatty acids, isolated from the whole hver of rat expenments 
in mvo, amounted to 0 015 per cent of the total injected activity (3 fid) 

The fatty acids contained m the residue from the filtration of the hydio- 
chlonc acid hydrolysate of the phosphohpide were isolated and counted by 
redissolving m acetone and transferring the solution to flat metal cups 
Upon evaporation of the acetone the cups were assayed for radioactivity 

Other Observations — Sarcosine-C^^Hs showed a very small conversion of 
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0 05 per cent to phosphatidylcholine The incubation of homocysteine 
with labeled sarcosme increased the yield of phosphatidylcholine about 70 
per cent in tU' o expeiiments The interpretation of the increase in the yield 
of phosphatidylcholine in the piesence of homocysteine is the same as with 
betaine, namely that homocysteine acted as a carrier of the sarcosme 
methyl group or more probably of the one carbon fragment derived from 
the methyl group of sarcosme 

The per cent conversion in mtro of ethanolamine-1 , 2-C*^ (3 8 X 10"^ m, 
239,500 counts per 100 seconds) to glycine was found to be 0 27 pei cent, 
thus confirming the in vivo results repoited by Weissbach and Spnnson (17) 
Glycine was isolated by adding 300 mg of carrier glycine to the in vitro 
nuxtuie upon termination of the incubation The preparation was then 
homogemzed After homogenization, ethyl ether was used to extract the 

1 ml of 30 per cent trichloroacetic acid used to denature the incubation 
mixture Following the extraction, absolute ethyl alcohol was added to 
precipitate the glycine Glycine was crystallized twice from aqueous alco- 
hol The acetyl derivative of the lecrystallized glycine was prepared, iso- 
lated, and degraded, and the glycine resulting from the degradation was 
then crystallized twice more before counting 

SUMMARY 

In the absence of methionine, ethanolamine-l,2-C*'’ was not appreciably 
converted to phosphatidylcholine by rat liver slices The addition of 
methionine increased the yield about mneteen times The addition of 
methiomne-C^^Hs increased the yield of phosphatidylchohne about 3-fold 
above that obtained with unlabeled methiomne Evidence is presented 
which indicates that the methiomne pool is much smaller than the ethanol- 
amine pool Homocysteine possesses 52 per cent of the activity of methio- 
mne, on an equimolar basis, in stimulating phosphatidylcholine formation, 
whereas betaine possesses only 34 5 percent of the activity of homocysteine 
Homocysteine and betaine together increased the yield of phosphatidyl- 
choline considerably above the sum of the individual effects of each alone 
The effect of homocysteine is intrinsic and is not due to the SH grouping 
alone 

Homogemzation of the fiver tissue resulted in complete loss of the ability 
to form choline The conversion in vivo of ethanolarmne-1 ,2-C^^ to rat 
fiver phosphatidyl fatty acids amounted to 0 015 per cent of the total in- 
jected activity Saicosine-Ci'^Hs showed a small conversion of 0 05 per 
cent to phosphatidylcholine The presence of homocysteine inci eased the 
yield about 70 pei cent The conversion in vitro of ethanolaimne-l,2-C“ 
to glycine was 0 27 per cent 
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Stadie and Zapp (1) have repotted expeirments on the aerobic production 
of lactic acid from glucose by the rat diaphragm in mtro, m which they used 
a phosphate-sahne medium at pH 7 4, no bicarbonate being added Un- 
der these conditions, the production of lactic acid was large but was not 
increased by the addition of msuhn to the medium This was m contrast 
to the observation that glycogen synthesis by these diaphragms was in- 
vanably increased by msuhn The mcieased synthesis of glycogen should 
be accompamed by a moie rapid turnover of glucose 6-phosphate How- 
ever, this phosphate ester is the branch pomt of the Embden-Meyerhof 
system, and it would be expected that the foimation of lactic acid would 
also be mcreased Our early findmgs, therefore, appeared paradoxical, 
and stimulated us to project further experiments which might possibly il- 
lununate this apparently anomalous observation of msuhn action Ac- 
cordingly, in this paper, we report detailed experiments on lactic acid 
formation under the conditions given above As before, we found a con- 
stant significant effect of msuhn upon glycogen formation from glucose but 
no such effect upon lactic acid formation From further experiments 
we conclude that there are two apparently identical enzymatic systems m 
the diaphragm, one of which is msuhn-responsive, leadmg to the formation 
of glycogen, and the other msuhn-non-responsive, leadmg to the formation 
of lactic acid 


Methods 

Wistar male white rats (100 to 150 gm ), fasted for 18 to 24 hours, were 
killed by cervical fracture, and the hermdiaphragms were removed, 
blotted, weighed, and washed for 10 mmutes in a cold oxygenated medium 
vnthout substrate The hemidiaphragms were then placed m a small beaker 
contammg 2 ml per hemidiaphragm of the foUowmg medium 0 07 m NaCl, 

* The work reported in this paper was supported in part by grants from the 
National Institute of Arthritis and Metabolic Diseases (grant No A-357C9), Na- 
tional Institutes of Health, United States Public Health Service, and the Insulin 
Grants Committee of the Lilly Research Laboratories 
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0 001 M CaCl 2 , 0 001 M MgCl 2 , 0 022 m glucose-U-Ci^ and 0 050 m so- 
dium phosphate (adjusted to pH 7 4 by a glass electrode) The specific ac- 
tivity of the glucose ranged between 16,000 and 22,000 c p m per /tmole of 
glucose The beaker was shaken in the Dubnoff apparatus at 38° for 2 
hours with oxygen as the usual gas phase Paired hemidiaphragms from 
each rat weie equilibrated (a) without insuhn and (b) with 0 1 unit per ml 
of Lilly crystalhne zinc insuhn (0 04 to 0 05 per cent glucagon) When 
hexose phosphate esters were to be isolated, four hemidiaphragms were 
used per vessel 

Deterrmnation of Glycogen — The hemidiaphragm was washed, dramed, 
placed in 5 per cent TCA overnight, and then ground with sand in a Pot- 
ter-El vehjem homogenizer The suspension was centrifuged, and the 
supernatant fluid was decanted and saved for analysis of phosphate esters 
The residue was resuspended in a small amount of 5 per cent TCA, centri- 
fuged again, and digested at 100° in 30 per cent KOH Glycogen was 
precipitated by adding 2 5 volumes of ethanol with chilhng The glyco- 
gen was precipitated three additional times to remove isotopic glucose, was 
hydrolyzed, and the glucose was determined by the Miller-Van Slyke 
method (2) An aliquot of the hydrolysate was plated, and from its 
activity (open end gas flow counter) the specific activity was calculated 
Determination of Total and Specific Activity of Lactic Acid — A copper- 
hme filtrate of the combined medium and washes was prepared, and the 
total lactic acid was deterimned by the method of Barker and Summerson 
(3) An appropriate ahquot of the filtrate was plated and its activity 
was deterimned (open end gas flow counter) From these two values the 
specific activity of the lactic acid was calculated The assumption was 
made, from the following contiols, that for the purposes of these expen- 
ments neghgible amounts of radioactive derivatives of glucose other than 
lactate were present m the copper-hme filtrate The most likely contam- 
inants to be considered are pyruvate, malate, fumarate, succinate, and 
a-ketoglutarate The first two at low concentrations may be removed by 
the coppei-hme precipitation (3), an observation we have confirmed in the 
case of pyruvate We tested this matter further by separating the lactate 
from the other possible contaminants by ascending paper chromatography 
with use of ethanol-ammoma (100 1 v/v) This method effects complete 
separation of the lactate Controls showed that succinate, fumarate, and 
a-ketoglutarate remained at the ongin, whereas the lactate moves 7 to 10 
cm 01 more {Rp = 0 3 to 0 4) The lactic acid spot was localized by 
scanning with a closed end Geiger tube or by chromatographic companson 
with a control spot of lactate sprayed with brom cresol blue The spot 
was cut out and eluted ivith water, and the total lactic acid and radio- 
activity were determined as described In a senes of mne hemidiaphragms 
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equilibrated with isotopic glucose and treated as above, the specific ac- 
tmty of the eluate of lactic acid averaged 91 per cent of that calculated 
flora the original copper-hme filtrate At the beginning of the work, lactic 
acid was extracted from the medium by prolonged (Kutscher-Steudel) 
ether extraction, followed by chromatographic separation as described 
The eluate of the lactic acid spot in sixteen experiments with rat hemi- 
diaphragms averaged about 90 per cent of that of the initial ether extract 
In no instance did insulin influence the relative specific activity of the 
lactic acid obtained by chromatography from that of the original mateiial 

In view of these control experiments, we adopted the simpler method 
of usmg the copper-hme filtrate of the medium for the determination of 
specific activity of the lactic acid formed Attention is called to the fact 
that the specific activity of the lactic acid is used only to calculate the per- 
centage of lactic acid derived from the medium glucose Since insuhn 
never affected this value, possible errors of 10 per cent m its estimation 
have insignificant influence on the resulting general conclusions 

Determination of Pyruvic Acid — ^An ethyl acetate solution of the pyruvic 

2.4- dimtrophenyIhydrazone was prepared by the method of Friedemann 
and Haugen (4) from an ahquot of the combined medium and washes 
The total amount of pyruvate present was determined colonmetrically (4) 
on an ahquot of the ethyl acetate solution The remainder was evaporated 
to dryness (at about 35°) in vacuo, and residue was dissolved m 0 4 ml of 
ethanol and neutrahzed The final volume was reduced to 0 1 to 0 2 ml 
by evaporation The residue was placed on a 1 5 X 40 cm stnp Whatman 
No 1 filter paper m a band and hung for ascending chromatography in 
terf-butanol and ammonia (90 10 v/v) for 24 hours at room temperature 
The spot corresponding to pyruvate was eluted with acidified ethyl acetate 
A small ahquot (20 to 50 yl ) was used for the determination of ac- 
tivity, and the remainder to determine the pyruvate present, the specific 
activity was then calculated The most hkely contaminating hydrazone 
IS that of a-ketoglutarate, which is weU separated from that of pyruvate 
by this procedure, mz , the Rf value for the respective hydrazone is 0 22 
for pyruvate and 0 68 for a-ketoglutarate Unaltered 2,4-dimtrophenyl- 
hydrazme (httle or none was present) remained at the origin The spot 
was located by parallel chromatography of a knovm sample of pyruvic 

2 . 4- dmitrophenyIhydrazone 

Determination of Hexose Phosphate Esters, Barium Precipitation — The 
trichloroacetic supernatant fractions were combined mth the washes from 
the four ground hemidiaphragms and adjusted to pH 8 1 ml of banum 

acetate (0 1 m) and 4 volumes of ethanol were added and chilled for 30 to 
45 minutes The precipitate was centrifuged, washed once vith SO per 
cent ethanol, and then dried in an It (barium salts of esters) was dis- 
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solved in 0 1 N HCl and shaken with Amberhte IR-120 (H form) resin 
(Rohm and Haas) to remove the banum ion The solution of ester was 
drawn off, neutrahzed, and made up to 1 2 ml 
Analyses for Total Esters, Glucose 1 -Phosphate^ — This ester is calculated 
from the difference between the imtial inorgamc phosphate and the 10 
mmute acid-hydrolyzable phosphate (1 n HCl at 100°) The rmcro- 
method of Dyer and Wrenshall (5), accmate for 0 1 to 0 01 jumole of m- 
orgamc phosphate, was used 

Fructose 1 ,6 -Diphosphate — In the presence of Hacker’s enzyme fraction 
II (6) (contaimng aldolase, tnosephosphate isomerase, and a-glycerophos- 
phate dehydrogenase), F-l,6-P is quantitatively converted to dihydroxy- 
acetone phosphate, which is then reduced by added DPNH The meas- 
ured change (D) in optical density at 340 mju gives the total F-1 , 6-P 
present, mz , F-1, 6-P (micromoles) = 0 242 X D The DPNH was 
prepared from DPN by use of alcohol and alcohol dehydrogenase (7) 
Glucose 6-Phosphate — Two spectrophotometnc methods were used Un- 

der standard conditions, a TPN-G-6-P dehydrogenase system oxidizes 
G-6-P to 6-phosphogluconate The measured change (D) of optical density 
at 340 mu gives the imtial micromoles of G-6-P, viz , G-6-P (micromoles) = 
0 484 X D 

Hacker’s enzyme fraction I (6) (contammg phosphohexoisomerase and 
phosphohexokmase) converts G-6-P to F-1 , 6-P Together with Hacker’s 
fraction II, both G-6-P and F-1, 6-P are completely converted to dihy- 
droxyacetone phosphate, which is then reduced by the added DPNH 
The total amount of G-6-P and F-1, 6-P imtiaUy present is calculated from 
the observed change in optical density at 340 m/x, viz , total esters (micro- 
moles) = 0 242 D G-6-P IS calculated by subtractmg the known F-1 , 6-P 
determined as above Eluates of G-6-P obtained after chromatographic 
separation contam no F-1 , 6-P , hence, correction for the presence of F-1 , 6-P 
m this mstance is unnecessary 

In general, amounts of phosphate esters were used for analysis to give 
changes of optical densities greater than 01 As httle as 0 04 /xmole of the 
esters was determinable with an over-all accuracy of about dz5 per cent 
These enzymatic methods were carefully controlled for accuracy and speci- 
ficity by analyses of knowm amounts of esters singly and m combmation 
Chromatographic Separation of Hexose Phosphate Esters and Determina- 
tion of Their Specific Activity— AW chromatographic procedures were ear- 
ned out at 0° for 16 to 18 hours by the ascending techmque Known sam- 

1 The following abbreviations are used in this paper G-l-P, glucose 1-phosphate, 
G-6-P, glucose 6-phosphate, F-1, 6-P, fructose 1,6-diphosphate, TPN, tnphospho- 
pvridine dinucleotide, DPN, diphosphopyndine dmucleotide, DPNH, reduced DPN, 
ATP, adenosine triphosphate, ADP, adenosine diphosphate, ATPase, adenosinetri- 
phosphatase, and TCA, trichloroacetic acid 
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pies of the phosphate esteis were chiomatographed simultaneously to 
locate the lespective esters, the sharpest separation being obtained with 
0 1 to 0 2 ;ttmole in about 20 to 50 pi The solutions were apphed to the 
paper and diied with a heat lamp and fan The Whatman No 1 filtei 
paper used had been washed with (a) 0 1 n acetic acid, contaimng a trace 
of Versene to remove traces of iron, and with (6) distilled water, and then 
dned for use The Rf values observed by us (Table I) are different from 
those reported by Bandurski and Axelrod (8), presumably owmg to the 
use of different paper, etc 

Glucose 1 -Phosphate — The solvent mixture of Bandurski and Axehod (8), 
methanol, forimc acid, and water (80 15 5 v/v), was used to separate 


Table I 

Chromatographic Separation of Hexose Phosphate Esters* 


Compound 

1 -Rf 

Acid solvent 

Alkaline solvent 

Glucose 

0 45 

0 69 

Glucose l-phosphate 

0 30 

0 39 

Glucose 6-phosphate 

0 43 

0 38 

Fructose l,6-dipho8phate 

0 39 

0 00 

Inorganic phosphate 

0 74 

0 17 


Whatman No 1 filter paper was used after washing with 0 1 n acetic acid, contain- 
ing a trace of Versene, and with distilled water The paper was hung for ascending 
chromatography and run for 16 to 18 hours at 0° The acid solvent consisted of 
methanol, formic acid, and water (80 15 6 v/v) The alkaline solvent consisted of 
methanol, ammonia, and water (60 30 10 v/v) 

* Modified procedure of Bandurski and Axelrod (8) 

G-l-P from G-6-P and F-l,6-P After 18 hours the paper was dried and 
sprayed with a slightly modified Wade-Morgan (9) spray (ferric chlonde 
and sulfosahcyhc acid) The esters appear as two white spots on a pmk 
background, and each was cut out and eluted with 1 to 2 ml of water The 
G-l-P eluate was treated with Amberhte IR-120 resm (H form) to remove 
the iron A 0 025 to 0 05 ml ahquot was plated to measure the 
activity with an open end fiow counter The total G-l-P present was de- 
termined on another ahquot as described (see above), and the specific 
activity was then calculated 

Glucose 6 -Phosphate and Fructose 1 ,6-Diphosphate — The eluate from the 
spot contaimng the mixture of G-6-P and F-l,6-P was treated vath Am- 
berhte IR-120 (H form) resin to remove the iron and then placed on the 
acid-washed Whatman No 1 filter paper (see above) These esters were 
separated with a solvent system of methanol, ammoma, and water (60 - 
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30 10 v/v) (8) for 16 to 18 hours at 0° The dried paper was sprayed with 
the Wade-Morgan spray The lespective spots were eluted with 1 to 2 
ml of water and measured enzymatically as described Appropriate ah- 
quots were plated for counting, and the specific activities were calculated 
It should be noted that glucose is not a contaminant smce it is completely 
separated from the esters by the chromatogiaphy as well as the barium 
precipitation 


Results 

The data sho^vn in Table II clearly indicate that the rat heimdiaphragm, 
when equihbrated tn mtro m a medium contaimng glucose, synthesizes m- 
ci eased amounts of glycogen m the presence of insuhn and that appioxi- 
mately 75 per cent of the insuhn effect is accounted for by the mcreased 
conversion of medium glucose to glycogen In contrast, under the condi- 
tions of our experiments (see Table III), neither the total lactic acid nor 
the conversion of medium glucose to lactate is affected by insnlin This 
IS shown by the determination of both the total amount of lactate formed 
and that formed from the isotopic glucose 70 per cent of the total lactate 
formed is derived from the medium glucose, an amount unaffected by 
insuhn 

When pyruvate is isolated, the total production (2 to 3 /imoles per gm 
per 2 hours) and specific activity are not affected by insuhn, but the spe- 
cific activity IS essentially the same as that of lactic acid 

Isolation of the hexose phosphate esters, G-l-P and G-6-P, from the 
diaphragm, followed by their purification and determmation of radioac- 
tivity, gave the results shown m Tables IV and V The amounts of these 
esters derived from the medium glucose are approximately doubled by 
insulin, mdicating that their rates of turnover are mcreased by the hor- 
mone In strikmg contrast (Table VI), the fructose 1 , 6-diphosphate iso- 
lated from the diaphragm equihbrated with or without insuhn never 
contained isotopic carbon This means that the G-6-P isolated from the 
diaphragms which always contamed in amounts increased by msulm 
(Table IV) was not the piecursor of the F-l,6-P isolated from the dia- 
phragm 

In terms of the Embden-Meyerhof pathway of glycolysis, these results 
seem paradoxical It would be expected that the observed acceleration of 
the rate of turnover of G-6-P and G-l-P, accompamed by mcreased syn- 
thesis of glycogen, would be associated with an mcreased formation of 
F-l,6-P and hence also of lactate Accordingly, the observed in the 
G-6-P should have been found in F-1 ,6-P However, this expected result 
was never observed under the conditions of our experiment 

Additional experiments were devised to determine the possible occur- 
rence of other departures of metabolism from that expected accordmg to 
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Conversion by Normal Rat Diaphragm tn Vitro of Glucose-U-G^* to Glycogen 


Rat No 

Final gl> cogen, pmoles per gm per 2 hrs 

Insulineffect.nmolespergm per2lirs 

Total 

From glucose* 

Total 

glycogen 

Glycogen 

from 

glucose 

Per cent 
total from 
glucose 

Insulin 

Insulin 

0 

+ 

1 

0 

+ 

7 

72 

96 

18 

37 

24 

n 

79 

8 

57 

75 

10 

29 

18 

■■ 

105 

9 

29 

42 

6 

13 

13 

mSm 

54 

10 

32 

49 

12 

25 

17 


77 

46 

22 

35 

4 

10 

13 

m 

54 

47 

18 

37 

3 

17 

19 


74 

Mean 

38 

55 

9 

1 

22 

17 

13 

74 

S e mf 

±9 

±10 

±2 

±3 

±2 

±2 

±8 


In Tables II to XII, the results are expressed in micromoles per gm wet weight 
of diaphragm Glycogen is given as micromoles of glucose equivalents 

* Amounts of metabolites derived from glucose are calculated from total 
activity of the metabolite and the initial specific activity (s a ) of the medium glu- 
cose, e g , micromoles of glycogen from glucose = total counts per minute in glycogen 
divided by specific activity of glucose The specific activity of the medium glu- 
cose usually ranged between 20,000 and 30,000 c p m per /imole 
t In Tables II to XII, the standard error of the mean (s e m ) is 

Vs(X - X^)/N{N - 1) 
where N = the total number of observations 

Table III 

Conversion by Normal Rat Diaphragm in Vitro of Glucose-U -C^* to Lactic Acid at 38° 


Lactic acid, nmoles per gm per 2 hrs , recovered from medium 


Rat No 

Total 

From glucose 

Per cent from glucose 

Insulin 

Insulin 

Insulm 

0 

-b 

0 

+ 

0 

+ 

7 

67 

69 

73 

73 

109 

106 

8 

168 

170 

123 

125 

73 

74 

9 

232 

216 

142 

128 

61 

59 

10 

235 

233 

137 

132 

58 

57 

11 

298 

272 

168 

155 

57 

57 

12 

225 

166 

153 

108 

68 

65 

46 

138 

138 

108 

105 

78 

76 

47 

125 

1 

90 

83 

45 

66 

50 

Mean 

186 

169 

123 

109 

71 

68 

S e m 

±23 

±25 

±12 

±13 

±6 

±6 
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Table IV 

Incorporation by Normal Rat Diaphragm in Vitro of 
Glucose-U into Glucose 6-Phosphate 


Rat No 

1 

G 6 P from glucose U Ci* 

1 

^mole per gm per 2 hrs ^ 

Per cent total G 6 P 

Insulin 

Insulin 

0 

+ 

0 

+ 

8 


0 10 

33 

48 

9 


0 14 

74 

103 

10 

0 08 

0 20 

64 

96 

11 

0 12 

0 66 

18 

68 

12 

0 09 

0 28 

20 

67 

46 

0 17 

0 42 

58 

107 

47 

0 14 

0 27 

65 

99 

Mean 

0 11 

0 30 

46 

83 

S e m 

±0 02 

rfcO 12 

±9 

±10 


Table V 

Incorporation by Normal Rat Diaphragm in Vitro of 
Glucose-U -C^* into Glucose 1 -Phosphate 


Rat No 

G 1-P from glucose U-C'* 

/imoles per gm per 2 hrs 

Per cent total G 1-P 

Insulin 

Insulin 

0 

+ 

0 

+ 

7 

0 37 

0 68 

22 

48 

8 

0 94 

0 91 

39 

46 

9 

1 64 

4 26 

76 

101 

10 

3 62 

8 78 

67 

102 

11 

1 43 

6 22 

29 

70 

12 

0 26 

1 63 

15 

68 

46 

0 73 

3 06 

56 

102 

47 

0 58 

6 77 

68 

101 

Mean. 

1 18 

4 02 

45 

78 

S e m 

±0 96 

±1 07 

±8 

±9 


the conventional glycolytic concepts For example, certam non-isotopic 
mtermediates were added to the medium together with isotopic glucose, 
and the effects on the isotopic lactate were studied 
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The results are shown in Table VII Neither gluconate nor 6-phospho- 
gluconate, intermediaries of the "duect oxidative” pathway and therefore 
outside the Embden-Meyeihof pathway, had any effect on the total lactic 
acid formed fiom the isotopic glucose of the medium, although the poten- 
tial amounts of these available as lactic acid were many tunes greatei than 
the lactic acid foimed In contrast, the Embden-Meyeihof intermedia- 
ries, pyruvate and 3-phosphoglycerate, weie converted to lactic acid 
This IS shown by the mcrease of the total lactic acid, and by the dilution 
of the isotopic carbon m the lactic acid form Anaerobiosis had no sig- 


Table VI 

Incorporation by Normal Rat Diaphragm in Vitro of 
Glucose-U-C^* into Fructose 1 ,6-Diphosphate 

Fructose 1,6 diphosphate, junole per gm per 2 hrs , recovered from 
heimdiaphragm 


Rat No 

Total 

From glucose U C'* 


Insulin 

Insulin 


0 

+ 

0 

+ 

7 

0 39 

0 42 


— 

8 

0 49 

0 70 



9 

0 65 

0 65 



10 

0 63 

0 68 

0 03 


11 

0 70 

0 81 

0 00 


12 

0 51 

0 57 

0 00 


46 

0 11 

0 13 

0 00 


47 

0 14 

0 12 

0 00 


Mean 

0 45 

0 51 


■B 

S e m 

±0 08 

±0 09 

■■ 

BiB 


nificant effect on the total lactic acid formed from glucose lodoacetate 
and fluoride, both of which are inhibitors of glycolysis, reduced the lactic 
acid formed from the isotopic glucose to very small values These data 
show that the lactate was formed from glucose via the Embden-Meyerhof 
glycolytic cycle, by some mechamsm which ehmmates the formation 
of P-1 , 6-P m the diaphragm 

The situation was considerably clarified by the experiments reported m 
Table VIII Diaphragms were equihbrated uath non-isotopic glucose and 
isotopic G-6-P The amount of the latter present m terms of lactic acid 
equivalents per gm was relatively small compared to the total lactic acid 
formed However, about 10 per cent of the total lactic acid was derived 
from the G-6-P In other words, an average of about one-third of the 
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phosphate ester was so converted In contrast, none of the isotopic 
G-6-P appeared in the glycogen, although the customaiy increased syn- 
thesis from the medium glucose due to insulin was observed 
It began to be apparent that, under the conditions of our experiments, 
two separate pathways of glucose metabohsm weie operative in the rat 
diaphragm (1) to glycogen by way of G-6-P and G-l-P and (2) to lactic 
acid also by way of G-6-P In the first instance F-1 , 6-P is not formed and 

Table VII 


Production of Lactic Acid by Rat Diaphragms in Vitro in Presence of 
Glucose-U-C^*, Glucose Derivatives, or Glycolytic Poisons 


Experiment 

No 

Non isotopic addition 

Lactic acid formed nmoles per gm 
per 2 hrs 

1 

Initial 
concentra j 
tion, /imoles' 
per ml 

LactiC acid 
equivalents, | 
Mmoles 
per gm 

Total 

From 

isotopic 

glucose 

Per cent 
total from 
glucose 

1 

None 

0 

0 

222 

118 

53 


Gluconate 

22 

720 

294 

144 

49 

2 

None 

0 

0 

141 

130 

92 


6-PhosphogIuconate 

22 

850 

144 

131 

91 

3 

None 

1 0 

0 

123 

127 

103 


Pyruvate 

22 

540 

198 

70 

35 

4 

None 

0 

0 

140 

111 

79 


S-Phosphoglycerate 

5 

97 

206 

97 

47 

5 

Anaerobiosis 



128 

103 


6 

lodoacetate (aerobic) 

1 


9 

8 


7 

(( << 

0 1 

i 

56 

14 


8 

“ (anaero- 

0 1 


29 

17 



bic) 






9 ' 

Sodium fluoride (aero- 

20 


17 

13 


1 

bic) 






10 

Sodium fluoride (an- 

20 


23 

8 



aerobic) 

1 






G-6-P in the medium is not utilized, in the second instance, G-6-P in the 
medium, as well as glucose, is readily converted to lactate 
It IS commonly stated that the hexose phosphate esters, e g G-6-P, m 
the extracellular medium do not enter the cells m experiments in mtro, and 
hence are not dissimilated Presumably those formed in the cell do not 
readily pass from the cell intenoi to the medium Accordingly, we formu- 
lated the following hypothesis to explain the results of our experiments 
thus far outhned 

The conversion of glucose to glycogen by the rat diaphragm is mitiated 
by the transport of glucose to the interior of the cell, foUowed by esterifica- 
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tion and polymeiization to glycogen The phosphate esters formed, 
namely G-6-P and G-l-P, remain m the interior of the diaphragm F-1,- 
6-P IS not formed from this internal G-6-P Accordingly, no sigmficant 
amount of lactic acid is formed within the interior of the diaphragm In 
contrast, the conversion of glucose in the medium to lactic acid takes place 
m some other locus tentatively assumed to be the surface of the cell The 
dissimilation of glucose follows the Embden-Meyerhof pathway The 
phosphate esters formed on the cell surface do not enter the cell, nor do 
they accumulate m sigmficant amounts in the medium If they are added 
mitiaUy to the medium, however, they participate m the glycolytic reac- 

Table VIII 


Formation in Vitro by Normal Rat Diaphragms of Lactic Acid and Glycogen in Presence 
of Non-Isotopic Glucose (0 022 u) and Glucose 6-Phosphate-U-C^* (0 002 m)* 



Lactic acid formed, ^imoles per gm 

per 2 hrs j 

Final glycogen, nmoles per gm per 2 hrs 

Rat No 

Total 

From isotopic G 6 P 

Total 

From isotopic G 6 P 

Insulin 

Insulin 

Insulin 

Insulin 


0 

4* 

0 

4* 

0 

4* 

0 

4" 

34 

■■ 

93 

16 0 

13 4 

31 

35 

0 0 

0 0 

37a 

■n 

91 

7 3 

6 4 

38 

47 

0 0 

0 0 

37b 

142 

137 

31 0 


31 

50 

0 0 

0 0 

38a 


89 

4 8 

3 8 

24 

33 

0 0 

0 0 

38b 

B 

86 

5 2 

3 1 

27 

34 

0 0 

0 0 

Mean 

117 

99 

12 9 


30 

40 



S e m 

±10 

±9 

±6 5 

! ±6 6 

1 

±2 

±3 




* The amount of G-6-P initially present was equivalent to an average of 32 /imoles 
of lactic acid per gm wet weight of diaphragm 


tions and are converted to lactate In addition to the data already pre- 
sented, the experiments shown m Tables IX and X are completely com- 
patible with this hypothesis 

In Table IX, the medium with which the diaphragms were equihbrated 
contained isotopic glucose and, m addition, non-isotopic esters After 2 
hours of equilibration, the medium, as before, was analyzed for lactate 
but, m addition, the phosphate esters w^ere reisolated from the medium, 
puiified by papei chromatography, and assayed for actmty Com- 
pared to those of the controls, the data show the following (1) m the case 
of G-6-P and F-l,6-P the total lactate formed was increased, the label 
from the glucose was diluted, and the reisolated ester acquired the label 
to an amount almost equal to that in the lactate formed from the isotopic 
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glucose, (2) in contrast, the medium G-l-P, when reisolated, contamed no 
isotopic carbon Since our previous expenments showed that this ester is 
undoubtedly formed in the diaphragm from the isotopic glucose of the me- 

Table IX 


Equilibration of Normal Rat Diaphragms in Medium Containing Glucose-U-C^* 
(0 02B m) and Non-Labeled Phosphate Esters 


Experiment 

Final lactate in medium 

Reisolated ester 

pmoles per gm 
per 2 hrs 

C p m per 
Mmole 

Per cent total 
from glucose 

C p m per glu 
cose equivalent 

No ester* 

151 


82 


G-6-P 

200 

17,200 

70 

15,800 

No ester* 

150 

18,800 

81 


F-l,6-P 

177 

14,100 

49 

16,000 

No ester* 

173 

24,200 

89 


G-l-P 

161 


84 

0 


* No ester glucose alone in the medium, the medium in the test in addition had 
phosphate ester equivalent to about 35 /«moles per gm wet weight of the hemidia- 
phragm 


Table X 


Conversion by Rat Diaphragm in Vitro of Glucose-U-C^* to Lactate, Glycogen, and 
Fructose 1 , 6 -Diphosphate, Non-Labeled Fructose 1 , 6-Diphosphate Also in Medium* 



Total (Mmoles per 
gm per 2 hrs ) 

Mmoles from glu- 
cose (Mmoles per 
gm per 2 hrs ) 

Per cent total 
from glucose 

C p m per 
glucose equivalent 

Insulin 

Insulin 

Insulin 

Insulin 

0 

+ 

0 

+ 

0 

+ 

0 

+ 

Lactate 

128 

102 

109 

65 

85 

64 

8,700 

6,540 

Glycogen 

10 

16 

3 

8 

30 

50 

2,870 

5,150 

P-1,6-P,t from me- 







1 


dium 







10,200 

10,600 

F-l,6-P, from dia- 









phragm ' 

1 1 

1 6 

0 

0 



0 

0 

Medium glucose 

! 






10,600 

10, 600 


* Mean values iV = 3 in each category 
t Reisolated after 2 hour equilibration 


dium, it IS clear that, when formed m the diaphragm, this isotopic ester is 
retained intracellularly and does not exchange with the non-isotopic ester 

m the medium , i i, m 

This compartmental isolation of hexose phosphate esters is clearly shown 
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by the data in Table X Normal rat diaphragms weie eqmhbrated with 
and without insuhn with isotopic glucose plus F-l,6-P in the medium At 
the end of 2 houis, lactate and glycogen weie deterrmned as before, but, m 
addition, the F-l,6-P was isolated both from the washed diaphragm and 
from the medium Aftei separation by paper chromatogiaphy, the spe- 
cific activities of the glycogen, lactate, and F-l,6-P were determined As 
hitherto, there was no insuhn effect on the foimation of total lactate or that 
deiived from glucose The synthesis of glycogen, as customary, was m- 
creased by the insuhn Strikmgly, the F-1, 6-P recovered from the medium 

Table XI 


Glucose (p 022 m) %n Medium Disstmilaled to Lactic Acid by Diaphragm and 
Not by “Leached" Enzymes in Postequilibration Medium 


Period 


Contents of equilibrating vessel 

Lactate synthesis in 
period, pmoles per gm , 
mean ± s e m 

Final glycogen, 
/zmoles per gm 
Mean 

Insulin 

Insuhn 

0 

-b 

0 

+ 


tntn 






A 

■Gs n 

Diaphragm -t- medium 

62 ± 4 1 

60 ± 3 1 



B 

BiMil 

“ 4- fresh me- 

44 ± 2 0 

40 ± 1 8 





dium 





C 

40- 80 

Medium from Period A 

0 * 

0 * 



D 

80-120 

Diaphragm medium from 

27 ± 7 2 

33 ± 5 6 

12 

20 



Period C 






Eachhemidiaphragm was carried through the steps outlined above The medium 
was analyzed for lactate at the end of each period and the glycogen of the diaphragm 
determined at the end of Period D N = three separate assays m each category 

* Not significantly different from zero 

(see Table VIII) acquired the isotopic label from the glucose essentially to 
the same extent as that of lactate The F-1, 6-P recovered from the dia- 
phragm contained no isotopic carbon These results are in complete accord 
vnth the hypothesis formulated 

Exclusion of Presence of “Leached" Enzymes in Medium^ — The possibil- 
ity that enzymes m the diaphragm were leached out durmg the equihbra- 
tion and were responsible for the phenomena observed was obvious How- 
ever, it was rigidly ehimnated by the control experiments illustrated m 
Tables XI, XII, and XIII Rat hemidiaphragms (Table XI) weie eqmh- 
brated in the phosphate medium with glucose for 40 minutes, and the 

* The medium obtained after a preliminary period of eqmlibration with the dia- 
phragm IS called the postequilibration medium 
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medium then was analyzed for lactate The lactate formed m the piesence 
of the diaphragm, as hitherto found, was uninfluenced by msuhn (Period A) 
The heimdiaphragms were then transferred to fresh medium (Period B) and 
more lactic acid was formed, but the medium from Period A equilibrated 
alone (Period C) showed no significant increase in lactic acid content, indi- 
cating clearly that no enzyme system existed m the postequflibration me- 
dium^ capable of dissimilatmg the glucose to lactic acid During Period 
D, the hemidiaphragm was placed in the postequihbration medium from 
Period C Lactic acid was formed, showing that no inhibiting factors were 
responsible for the failure of lactate to form in Penod C At the end of the 

Table XII 


Hexose Phosphate Esters in Medium Dissimilated to Lactic Acid by Diaphragm 
and Not by “Leached” Enzymes in Postequihbration Medium 


Period 


1 

Contents of equilibrating vessel 

Lactate synthesis during 
period, fimoles per gm , mean 
± s e m , from 


Glucose 

6 phosphate 
(0 022 it) 

Fructose 

1,6 diphosphate 
(0 022 M) 






A 

0- 40 

Hemidiaphragm + medium 

55 ± 3 0 

72 zb 9 6 

B 

40- 80 

Medium from Period A alone 

0 d: 0 

0 i 0 

C 

80-120 

Hemidiaphragm -f- medium from Per- 
iod A 

27 ± 6 0 

51 ± 10 0 


With each of the substrates (five replicates), one hemidiaphragm was carried 
through the successive periods, A, B, and C The hemidiaphragm was equilibrated 
in fresh medium during Period B but the medium was not analyzed There was no 
glucose in any medium 

experiment, the diaphragms were analyzed for glycogen content, the usual 
msuhn effect on glycogen synthesis was found 

Experiments of a smular type were carried on with two phosphate esters, 
mz G-6-P and F-1, 6-P, but no glucose m the medium In Penod A (Table 
XII) (0 to 40 minutes) the hemidiaphragm formed lactate from both G-6-P 
and F-1, 6-P In Period B (40 to 80 rmnutes), the respective postequih- 
bration media alone formed no additional lactate The addition of the 
hemidiaphragm to the postequihbration medium m the subsequent period 
(Penod C, 80 to 120 minutes) agam resulted in lactate formation in both 
cases As m the case of glucose alone, the data show that no enzymes ca- 
pable of dissimilating these phosphate esters to lactic acid were leached 
out oi the diaphragms dunng the imtial period of equihbration 

In addition to these studies which demonstrated no formation of lactic 
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jiCid from glucose, G-6-P, oi F-l,6-P by postequilibration media, we per- 
foimed experiments to determine to what extent, if any, the glycolytic m- 
teimediaiy hexose phosphate esteis are dissunilated in these media to prod- 
ucts other than lactic acid In our experiments the postequihbration 
media weie prepaied in two ways (1) the metabolite was present during the 
prelmunary penod, m which case no fuither addition to the medium was 
made at the begmmng of the second period of equihbration, (2) the me- 
tabohte was absent durmg the imtial period of equilibration with the dia- 
phragm, but was added to the medium at the beginning of the second pe- 
riod The results weie the same by either method, and hence weie pooled 
Our results are presented m Table XIII The mitial period of equih- 
biation With the diaphiagm and the second period were each 60 mmutes 

Table XIII 


Action of Postequilibration Media from Rat Diaphragms on 
Glucose or Glycolytic Hexose Phosphates 


Metabolite in medium 

Products of dissimilation 

Results of tests for enzymes in 
medium by specific methods 

Glucose 

None 

No bexokinase* 

Glucose 1-P 

<< 

“ phosphoglucomutase 

Glucose 6-P 

<( 

“ phosphohexoisomerase 

Fructose 6-P 

U 

“ phosphohexokinase* 

Fructose 1,6-P 

Equimolecular mixture of the 
triose phosphates (50-60 
/imoles per gm diaphragm 
per hr ) , no lactic acid 

Aldolase, no tnose isomerase 
or glyceraldehyde-3-phos- 
phate dehydrogenase 


Each category of data represents the mean value of six to eight assa 3 ^B 
* Assayed after addition of ATP to medium 


In aU but one mstance the mean value of the measured dissimilation of the 
metabolite being tested was not significantly different from zero, and hence 
IS designated as “None” in Table XIII In one instance a numerical value 
IS given The foUowmg pomts are to be emphasized (a) The glucose con- 
centration was unchanged during 60 imnutes in the posteqmhbration me- 
dium and there was no lactic acid formation The leachmg of a complete 
glycolytic system is therefore excluded Special assays with G-6-P dehy- 
drogenase after the addition of ATP failed to demonstrate the formation of 
G-6-P The presence of glucohexokinase is therefore excluded (b) There 
was no dissimilation of G-l-P by the posteqmhbration medium The ester 
was measured quantitatively by determimng the reducing value of the me- 
dium before and after 10 minute hydrolysis m 1 n HCl at 100° The pres- 
ence of phosphoglucomutase is therefore excluded (c) We observed no 
dissimilation of G-6-P (see “Methods” for quantitative measurement) 
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Phosphohexoisomerase in the medium is therefore excluded (d) No dissimi- 
lation of F-6-P was demonstrable when specific enzymatic methods already 
outhned in “Methods” were used to measure the ester This corroborates 
the evidence obtamed with G-6-P that phosphohexoisomerase is absent fiom 
the postequihbration medium In addition, when ATP was added to the 
medium, no formation of F-1 , 6-P was observed (with Packer’s enzyme frac- 
tion II (6) as outhned m “Methods”) Thus, the presence of phosphohexo- 
kmase was excluded Fmally, (e) F-1, 6-P was rapidly dissumlated by al- 
dolase leached mto the postequihbration medium to an equimolecular mix- 
ture of dihydioxyacetone phosphate and n-glyceraldehyde 3-phosphate 
This was established by usmg glyceraldehyde-3-phosphate dehydrogenase 
and DPN as an assay system (10) and observmg all molecular ratio be- 
tween F-1, 6-P and the glyceraldehyde 3-phosphate In addition, no lac- 
tic acid was formed Thus, the presence of both tnose isomerase and glyc- 
eraldehyde-3-phosphate dehydrogenase m the medium is excluded The 
rate of dissimilation of F-1, 6-P by the aldolase m the postequihbration me- 
dium, expressed in terms of the weight of the diaphragm present m the m- 
itial period, was foimd to be 50 to 60 jumoles per gm of diaphragm per 60 
minutes 

The presence of msuhn m the medium was without effect m aU of our ex- 
periments on the dissimilation of these metabohtes by the postequihbration 
media 

Zierler et al (11) and Beloff-Cham et al (12) have reported positive re- 
sults m three instances m experiments on dissmulation of certam hexose 
phosphate esters by posteqmhbration medium from rat diaphragms In 
two instances their results are completely at variance with ours, m one in- 
stance there is agreement Zierler et al (11) reported that G-l-P was dis- 
similated to a mixture of G-6-P, F-6-P, and F-1, 6-P These results mdi- 
cated the presence of phosphoglucomutase, phosphohexoisomerase, and 
phosphohexokmase We never have been able to demonstrate any dissim- 
ilation of G-l-P and have ruled out the presence of aU of these enzymes m 
our postequihbration media by specific enzymatic tests Beloff-Cham et 
al (12) reported the presence of phosphohexoisomerase in postequihbra- 
tion medium dissimilatmg F-6-P or G-6-P to an equihbnum mixture Our 
experiments with these metabohtes were completely negative Zierler dem- 
onstrated the presence of aldolase m his media in agreement with our re- 
sults 

No other data on dissimilation by postequihbration media were reported 
by these authors Beloff-Cham et al (12) compared the dissimilation of 
G-l-P and glucose with the diaphragm in the medium They found that 
G-l-P was dissumlated to a greater extent than glucose The addition of 
msuhn, wbch customarily mcreases glucose uptake, actuaUy decrea^d 
that of G-l-P The products of dissunilation were not recorded We 
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were unable to confirm these observations In a senes of experiments in 
which rat hemidiaphragms were equilibrated with 0 004 m G-l-P in the 
medium, we found no significant decrease m the ester after 60 minutes 
equihbration at 38° with oxygen as the gas phase 
We have no explanation for the discrepancy between our results and those 
of Zierler et al or Beloff-Cham et al In several respects our techmques 
differed, in particular, our media always contained calcium (0 001 m) 
whereas the media of the above authors did not Whether these technical 
differences can accoimt for the discrepancies is a matter for future experi- 
mentation 


DISCUSSION 

The experimental data outhned appear to us to demonstrate the foUowmg 
pomts (1) Under the conditions of our experiment, t e use of a phosphate 
medium at a relatively high pH (7 4) wuth no added bicarbonate, the rat 
diaphragm in vitro can be shown to dissumlate the medium glucose by two 
different pathways The intermedianes formed are those of the classical 
Embden-Meyerhof schema The first pathway goes through G-6-P and 
G-l-P to glycogen Apparently there is no formation of F-1 , 6-P from the 
G-6-P by this pathway It is further characterized by bemg responsive to 
msuhn, which causes a more rapid turnover of both G-6-P and G-l-P and 
a greater synthesis of glycogen from medium glucose Furthermore, the 
phosphate esters formed, i e G-6-P and G-l-P, do not leave the mterior of 
the diaphragm, nor do these phosphate esters, when added to the medium, 
enter the diaphragm to imx with the mterior esters 

A second glycolytic pathway also forms G-6-P from medium glucose 
which IS converted to lactic acid However, the two G-6-P pools are not 
the same as shown by isotopic data F-1, 6-P is formed from this G-6-P 
formed by the second pathway, and is further dissmulated to lactic acid 
The phosphate esters G-6-P and F-1, 6-P, but not G-l-P, when added to 
the medium, readily enter mto the metabohc system and interchange with 
the identical phosphate esters when these are formed from medium glucose 

(2) In no mstance have we been able to demonstrate a dissimilation of 
medium glucose to lactic acid by any enzymatic system leached out of a 
rat diaphragm Using specific enzymatic methods, we have earned out 
careful control experiments on media equihbrated wath rat diaphragms 
Under the conditions of our experiments we have demonstrated the com- 
plete absence in these media of the Embden-Meyerhof enz 3 Tnes, gluco- 
hexokinase, phosphoglucomutase, phosphohexoisomerase, phosphohexo- 
kinase, triose isomerase, and glyceialdehyde-3-phosphate dehydrogenase 
We therefore conclude that the phenomena reported cannot be accounted 
for by the presence of soluble enzymes m the medium leached out of the 
diaphragm 
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The most plausible hypothesis which has occurred to us to explam these 
phenomena is to postulate the existence of two glycoljdic systems which 
may be termed mternal and external The exact loci of these two systems 
need not be too closely defined One may be considered to be intracellular 
and the other to exist upon the surface of the diaphragm To attempt to 
define more closely the geometric localization of the surface enzyme would 
be pomtless with our present knowledge of the phenomenon 

The possible existence of enzymes upon the surface of cells is not a new 
concept Rothstein and Meier (13), usmg yeast cells, demonstrated an 
ATPase action by the cell surface By usmg ATP labeled with P^^, their 
data excluded the possibility that the ATP was hydrolyzed within the 
cell, followed by a return of both the ADP and the isotopic phosphate mto 
the medium In addition, they excluded the existence of “leached en- 
zymes,” and furthermore showed that other dephosphorylatmg enzymes 
appeared to be functiomng by the same mechamsm Marsh and Haugaard 
(14) have demonstrated an ATPase action on the cell surface of the isolated 
rat diaphragm which is not due to leached enzymes Muntz, Smger, 
and Barron (15) concluded from experiments upon the glucose metabohsm 
by yeast that the mhibitmg action of uramum salts was at the surface of 
the cell Rothstem and Larrabee (16) concluded from similar experiments 
with yeast that uramum existed at relatively high concentrations m an un- 
dissociated form upon the ceU surface They concluded that its presence 
at this locus inhibited oxygen uptake This inhibition was reversed by 
the addition of small concentrations of morgamc phosphate In contrast, 
the uranium inhibition observed m cell-free extracts of yeast was unaffected 
by phosphate These authors cited these data as further evidence of the 
existence of active enzyme systems locahzed to cell surfaces Sacks (17), 
m the study of the metabohsm of injected isotopic phosphate by muscle, 
reported data from which he concluded that G-6-P is formed upon the cell 
membrane, followed by the penetration of the glucose portion to the m- 
terior ceU and the subsequent hydrolysis of the phosphate hnkage with the 
phosphate remammg m the extracellular phase Lehnmger (18) also m- 
voked the existence of mternal and external enzyme systems m mitochon- 
dria He studied the oxidation of j8-hydroxybutyrate, a DPN-lmked sub- 
strate Neither DPN nor cytochrome c need be added to the medium to 
obtam oxidation of the /3-hydroxybutyrate The mternal DPN is reduced 
by the reaction and is reoxidized by the mternal cytochrome c, the imtial 
amounts of these factors present m the mitochondria suffice for the attam- 
ment of maximal rates of oxndation This oxidation is accompamed by 
phosphorylation with a P 0 ratio appioximatmg 3 0 In contrast to this 
internal system, the oxidation of externally added DPNH lequires the addn 
tion of cytochrome c to the test medium “Clearly the externaUy added 
DPNH does not react -with the same cytochrome c reductase molecule with 
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which the inteinal DPNH reacts” (18) The external oxidative system is 
not accompanied by any significant formation of energy-rich phosphate 
bonds, and fuitheimoie antimycin A has no effect upon the external en- 
zymatic reactions m contrast to its sigmficant mhibition of the oxidation 
by the intact mitochondiia These experiments appear to be the only 
ones we have encountered in the hteiature which demonstiate that en- 
zyme systems essentially alike m their main features may coexist as internal 
and external systems 

The expeiaments on the diaphragm reported m this paper appear to il- 
lustrate another example of this dual modality of enzyme action existmg 
in one and the same tissue It appears to be unique in that the two sys- 
tems have been shovm to respond differently to a hormone In relation to 
current theories of insuhn action, the data seem to be consistent with the 
hypothesis that msuhn, at least m muscle, is concerned with transport of 
glucose across cell boundaries mto the interior of the ceU The glucose- 
glycogen system appears defimtely to possess bariiers which prevent the 
entrance or exit of phosphorylated sugars Smce the diaphragm is also 
msuhn-responsive, it might be assumed that it also possesses a barrier 
agamst glucose which is influenced by the hormone The glucose-lactic 
system, on the other hand, appears to permit free mterchange of phosphate 
esters m the medium with “reactive” esters of the metabohc pool In 
other words, no barrier to the ready entrance of these substrates to the 
sites of enzyme action appears to exist Smce the system is non-responsive 
to insuhn, we may further assume that no barrier to glucose exists Al- 
though such evidence cannot be offered as proof of the transport theory, 
it seems to be more consistent with it than the hypothesis that insulin 
affects the hexokinase system This alternative would then require the 
assumption that two enzyme systems existmg in one and the same tissue 
respond differently to a hormone This second alternative appears less 
hkely than the first one 


SUMMARY 

Observations on the metabolism in vitro of hemidiaphragms from normal 
rats m a phosphate-sahne medium (pH 7 4) 4- glucose-U-C*'* aie reported 
Equihbration was usually for 2 hours at 38° vnth oxygen as the gas phase 
Total lactic acid formation from glucose was unaffected by msuhn m the 
medium, m contrast, glycogen synthesis from medium glucose was always 
increased The Embden-Meyerhof mtermediaries were isolated from the 
diaphragm and separated by chromatographic methods, and their ac- 
tivity was determmed These data show that msuhn mcreases the turn- 
ovei rate of glucose 6- and glucose 1-phosphates Surprisingl^q uas 
nevei found in the fructose 1 , 6-diphosphate 
Expeiiments with carrier or isotopic hexose phosphates m the medium. 
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together with glucose d= msuhu, were also performed In some instances, 
upon equihbration, the esters were reisolated from medium and diaphragm 
The results mdicate that m the msuhn-responsive (glucose to glycogen) 
system there is no interchange between esters m the medium and those in 
the diaphragm In contiast, m the msuhn-non-responsive (glucose to 
lactic acid) system there is a free mterchange between the esters of the 
medium and those m the pathway of lactic acid formation The possi- 
bdity that enzymes leached out of the diaphragm mto the medium are re- 
sponsible for the results was excluded 
The experiments are compatible with the hypothesis that, under the con- 
ditions of our experiments, two glycolytic pathways are operative m the 
normal rat diaphragm an mternal (glucose to glycogen) system which is 
insuhn-responsive, and an external (glucose to lactate) system which is 
msuhn-non-responsive (surface) The data are m harmony with the con- 
cept that a transport mechanism in the diaphragm is mvolved m the msu- 
hn-responsive but not m the non-responsive system 

We wish to express our grateful appreciation to Mrs Penelope M Ash- 
mead for her unrermttmg and pamstakmg assistance m the performance of 
the experiments and the analyses 
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Oxidative phosphorylation has been vndely studied over a period of 
years with respect to its distribution, its extent, and the mechanism of its 
operation In animal systems, the outstanding features of the process 
include high P 0 ratios and the coupling of much of the phosphorylation 
to the transpoit of electrons m the coenzyme or metalloprotein chain In 
microorgamsms, P 0 ratios greater than 1 are occasionally observed (1, 2), 
but more frequently the values are less than 1 (3, 4), and the extent to 
which phosphorylation is coupled to electron transpoit is not known for 
many of these forms 

The present paper describes oxidative phosphorylation in intact Aceto- 
hacter suhoxydans cells Despite its aerobic characteristics, this orgamsm 
appears essentially devoid of the Krebs cycle, the bulk of its energy being 
obtained from single step oxidations of caibohydrates and polyalcohols as 
weU as from the pentose cycle (5, 6) The experiments to be descnbed 
demonstrate phosphorylation coupled to oxidation of glucose, fructose, or 
glycerol, with low P 0 ratios of 0 5 or less Phosphate uptake is measured 
as the decrease in the concentration of oithophosphate within the cell and 
the medium Pyrophosphate and polymetaphosphate may participate in 
phosphorylation m this orgamsm 

Methods and Materials 

A suhoxydans cells (ATCC 621) were grown in a yeast extract-glycerol 
medium, as descnbed in earher reports from this laboratory (7) The cells 
were suspended in phosphate buffer, 0 1 m, pH 6 0, and depleted for 2 hours 
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stitutes of Health, United States Public Health Service Published with the ap- 
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1956 
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by being shaken at room temperature without a substrate They were 
then washed twice m cold distilled water, and centrifuged at a standard 
speed to produce the wet ceU paste used The paste varied somewhat from 
batch to batch, but contained approximately 20 per cent dry matter In 
the experiments in which phosphate consumption was measured, the cells 
suspended in malate medium (see below) were usually fasted for an addi- 
tional hour before use 

The standard malate medium used in all the experiments consisted of 
75 ml of 0 1 M malate buffer, pH 6 0, contaimng 0 001 m ethylenediamine- 
tetraacetate, 5 ml of 0 3 m MgCla, and water to 100 ml 
Inorgamc oithophosphate was determined according to the Fiske-Sub- 
barow method Acid-labile phosphate was determined by heating the 
sample in 1 n H2SO4 m a boihng water bath for 15 rmnutes and deterimn- 
ing orthophosphate as usual Radioactivity m phosphorylated products 
(non-molyb date-reacting fraction) was determined accordmg to Nielsen and 
Lehmnger (8) 

For the chromatographic separation of phosphate compounds, the 
method was that descnbed by Hurlbert et al (9), except that 8 per cent 
cross-hnked Dowex 1 was used The column was 20 cm long with a bed 
volume of 15 ml The mixing flask contamed 500 ml of distiUed water and 
the reseivoir flask contamed 1 m ammomum formate, pH 5 0, at the begm- 
mng of the fractionation 100 5 ml fractions were then collected, where- 
upon the contents of the reservoir flask were changed to 2 m ammomum 
formate, pH 5 0, and 70 more fractions were collected 
All radioactivity measurements were made upon 1 ml hqmd samples in 
glass planchets and counted with an ordinary end window Geiger-Muller 
tube, to a precision of at least 2 per cent 

Carrier-free H3P^^04 was obtained from the Oak Ridge National Labora- 
tories, Oak Ridge, Tennessee 

EXPERIMENTAL 

When resting cells of A suhoxydans are incubated aerobically in the 
presence of glycerol, oxygen is consumed at a rapid rate The immediate 
product of this oxidation is DHA,i but oxygen is consumed to the extent 
of 4 to 5 atoms of oxygen per mole of glycerol, thus indicating that DHA 
IS extensively oxidized Fasted cells oxidize DHA very slowly, and it has 
been found in this laboratory that DHA must be phosphorylated before it 

1 The following abbreviations are used throughout this paper DHA, dihydroxT- 
acetone,TCA, trichloroacetic acid, ATP (A-E-P-P-P), adenosine triphosphate, ADP 
(A-E-P-P), adenosine diphosphate, P-P, inorganic pyrophosphate, GDP, guanosine 
diphosphate, CTP, UTP, and GTP, cytidine, undine, and guanosine triphosphate, 
DPH and TPN, diphospho- and triphosphopyndine nucleotide, G-6-P, glucose 

6 phosphate 
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can be further metabolized (6) This shows indirectly that energy supplied 
by the oxidation of glyceiol to DHA is used for phosphorylation, as the 
DHA IS rendeied available for metabolism by the simultaneous oxidation 
of glycerol 

Puie fructose is also slowly oxidized by depleted A suhoxydans The 
oxidation may be staited by the addition of 0 2 ^mole of glucose as a 
“sparker,” then the oxidation proceeds at a steady and rapid rate Once 
the oxidation has started, it will induce the phosphorylation of more fruc- 
tose 

In order to demonstrate phosphorylation diiectly in A suhoxydans, it 
was necessary to use high cell concentiations and low concentrations of 
orthophosphate in the suspensions In Fig 1, Cuive A, aie given the re- 
sults from a typical expeiament with glycerol as substrate When shoit 
tune incubation was used, glycerol or glucose was chosen as substrate, on 
the assumption that there was no lag penod in the oxidation of these sub- 
strates 

In some experiments, ceU suspensions were incubated for 15 to 20 imnutes 
vath substrate, then the oxidation was stopped by fiUmg the flask with 
N 2 or CO Under these conditions, orthophosphate which was consumed 
during the aerobic phase of the experiment was rapidly hberated again 
Fig 1, Curve B, shows the results from this type of experiment Fructose 
was used as substrate, because, after the imtial lag, the oxygen consumption 
during the oxidation of this sugar is almost hnear for a long period of time 

The final level of orthophosphate in a respinng cell suspension could be 
expected to represent an eqmhbnum concentration at which the ortho- 
phosphate consumption and hberation are equal m rate The rate of phos- 
phorylation might then be deterimned in two w^ays, either (a) directly by 
using short incubation times (small concentrations of phosphorylated prod- 
ucts), thus dinumshing the errors due to orthophosphate hberation, or (6) 
by interrupting the respiration and phosphorylation at eqmhbnum con- 
centration of orthophosphate and measunng the imtial rate of dephos- 
phorylation (10) This method is based upon the assumption that the de- 
phosphorylation proceeds at the same rate in the absence and presence of 
respiration Data such as those shown in Fig 1, Curve B, w'^ere analyzed 
in order to calculate the imtial rate of orthophosphate formation The 
rate of oxygen consumption was measured in parallel manometric experi- 
ments on the same cell suspension, and the data were used to determine the 
F 0 ratios according to method (6) above The values found inth fruc- 
tose as substrate w^ere low, usually close to 0 2 It is uncertain whether 
gassing mth N 2 or CO is effective in stopping respiration completely, and 
failure to do so might explain the low P 0 ratios measured by this method 
as compared to those measured more directly (see below) 
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Fig 1 Curve A, the change in orthophosphate concentration with incubation 
time in a resting cell suspension of A swhoxj/dans-oxidizing glycerol The suspension 
was made with 0 5 gm of wet cell paste per 20 ml in standard malate medium con- 
taining 0 1 ml of 0 1 M phosphate, pH 6 0, and was kept at 0®, and then 3 ml aliquots 
were removed, diluted with 0 5 ml of water, and equilibrated at 30° for 3 minutes 
with shaking The reaction was started by the addition of 1 0 ml of 0 1 m glycerol, 
and stopped as desired with 0 5 ml of 50 per cent TCA Substrate and TCA were 
added during shaking through flexible polyethylene tubes Curve B, liberation of 
orthophosphate in a preincubated cell suspension after change to anaerobic condi- 
tions Cell suspensions were made as described for Curve A Each flask contained 
3 ml of suspension, 0 5 ml of water, and 1 0 ml of 0 1 m fructose The mixture was 
incubated aerobically for 20 minutes at 30°, at zero time was gassed with Ns for 30 
seconds, and the incubation was carried on anaerobically The reaction was stopped 
by addition of 0 5 ml of 50 per cent TCA 

Fig 2 Incubation flask equipped for short time phosphorylation experiments 
The glass bulbs, A and B, made from 3 mm outside diameter Pyrex tubing, are 
held on to the metal rods E. by means of small diameter rubber tubing T The stems 
of the bulbs are not closed after the contents are added, and the lower tapered part 
of rods R extend inside the stems of A and B, so that a rigid connection between 
glass and metal is obtained The rods are fitted with springs S, which are held 
stretched by means of string loops and secured with the glass rods G Pieces of 
aluminum wire H are used to remove G during shaking of the flask When the springs 
are released in this way, the bulbs are broken and the contents of the bulb and the 
flask are mixed rapidly, due to the shaking Additions can m this way be made 
within a few seconds, and the mcubation times recorded with good precision 
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Attempts weie therefore made to use method (a) and to determine P 0 
ratios by measuring the imtial rate of orthophosphate disappearance It 
became necessaiy to employ very short mcubation times, and a special 
appal atus (Fig 2) was developed for this purpose In these experiments 
no extra phosphate was added beyond that present in the depleted, washed 
cells themselves To obtain sufl&cient precision in the determination of 
orthophosphate, it was necessary to use dense cell suspensions During 


Table I 

Orthophosphate Consumption in A suhoxydans during Short Incubation Times 
with Glucose and Glycerol As Substrates 


Substrate 

Incubation 

time 

Orthopbos 
phate con- 
centration 

Average P 
consumption 

P 0 ratio 


sec 

fimole per flask 

nmole 


Glucose 

0 0 

0 678 



t( 

3 2 

0 588 



(< 

3 2 

0 591 

0 081 

0 36 


0 0 

0 671 



(< 

3 0 

0 594 



(( 

0 0 

0 667 



Glycerol 

0 0 

0 681 



<< 

4 0 

0 607 

0 065 

0 28 


4 0 

0 607 


0 0 

0 663 




The cell suspension contained 2 5 gm of wet cell paste made up to 100 ml with 
the standard malate medium 3 ml of the ice-cold suspension were equilibrated for 
3 minutes at 30°, and then 0 5 ml of 0 1 m glucose or glycerol was added 3 to 4 
seconds later, 0 5 ml of 40 per cent TCA was added, the suspension was centrifuged 
in the cold, and orthophosphate was determined in the supernatant fluid The addi- 
tions of substrate and TCA were made by means of the apparatus shown in Fig 2, 
and the incubation time was measured with an ordinary stop watch The suspen- 
sion was diluted, 1 4, with the standard medium, and oxygen consumption, i\ith the 
same volumes of suspension and substrate, was determined according to the con- 
ventional manometric technique 

the short mcubation periods for which phosphate disappearance was meas- 
ured, sufficient oxygen was present in the hqmd so that overloading of the 
suspension with cells offered no difficulty There was, however, difficulty 
lu the separate, long time, manometnc experiments in which the rates of 
oxygen consumption were measured, because these rates were 2 to 5 times 
higher than the oxj'^gen diffusion rate under the conditions used It was, 
therefore, necessary to dilute the suspensions in the manometnc e\pen- 
luents and multiply the measured cxj^^gen consumption values accordingly 
The criticism may be offered against companng the short penod phos- 
phorylations with longer penod oxygen consumptions, m that a lag ma}’’ 
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occur m the oxidation of the added substrates, and the observed P 0 ratios 
would be spuriously low However, as far as the hnutations of the method 
would permit, higher rates of phosphorylation were observed as the incu- 
bation time was reduced 

By this method, the P 0 ratios measured for glucose as substrate ranged 
from 0 31 to 0 41, and with glycerol from 0 27 to 0 35 
The protocol for a typical experiment is shown in Table I 



Fig 3 Incorporation of orthophosphate and radioactivity into the non-molyb- 
date-reaoting fraction in A suboxydans, during aerobic incubation with glycerol as 
substrate Curve 1, consumption of orthophosphate, Curve 2, radioactivity recov- 
ered after removal of orthophosphate as the molybdate complex Each flask con- 
tained 190 ml of suspension (12 gm of wet cell paste per 100 ml of suspension in 
standard malate medium Carrier-free was added) A zero time sample 

was taken by adding 0 6 ml of TCA (1 gm per ml ) to 9 5 ml of suspension 1 ml 
of glycerol was added to each flask and the flasks were gassed with oxygen, and then 
shaken vigorously for 30 seconds, 3 minutes, and 10 minutes, respectively The re- 
action was stopped by adding TCA to 5 per cent concentration The suspension was 
cooled and centrifuged at about 15,000 X g for 30 minutes Aliquots of the clear 
extracts were analyzed for orthophosphate and non-molybdate-reacting radioactiv- 
ity 

The phosphate consumption data in Table I were obtained by measurmg 
relatively small colorimetric differences, and the error will therefore be 
large An error not exceeding 25 per cent was estimated, based upon the 
accuracy of the colorimetric determination of orthophosphate and the range 
observed in the expenments 

Experiments with — K suspension of depleted and washed A sub- 

oxydans cells was incubated for varying time intervals m an atmosphere of 
oxygen ivith glycerol as substrate in the presence of trace amounts of 
After TCA addition and centnfugation, aliquots of the clear ex- 
tracts were analyzed for orthophosphate and for radioactivity m the non- 
molybdate-reacting fraction The results are presented m Fig 3 
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To the remaindei of the extracts, barium acetate was added to 2 per cent 
concentration, and sodium hj'-droxide to neutrality with phenol red After 
at least 30 nnnutes m the cold, the precipitate was collected by centrifuga- 
tion, washed iinth cold water, and shaken with Dowex 50 (hydrogen form) 



TUBE NUMBER 


Fig 4 Ultraviolet absorption and radioactivity in the tubes from chromato- 
graphic fractionation of Ba-insoluble phosphates from the TCA extract of respiring 
A suboxydans The substrate was glycerol, and the incubation time 3 minutes 
Trace amounts of P^^-orthophosphate were added to the medium The curve enclos- 
ing the light areas corresponds to radioactivity in the respective tubes over the aver- 
age background The radioactive data were obtained with 0 1 ml samples from 
each tube and placed in a ruler-shaped sample holder, carrying forty samples, which 
V as moved past the window of a Geiger-Muller tube connected to a recorder through 
a rate meter In later experiments, the Geiger-Muller tube was placed with the 
nindow close to the collecting tube of a constant volume fraction collector, and the 
readings were recorded as before When the tube was emptied, the reading would 
drop momentarily, indicating changing of tubes The curve enclosing the shaded 
areas gives the optical densities at 260 m^ in the tubes, corresponding to the radio- 
active peaks The points on the continuous curve to the upper right give the ratios 
for each tube between the optical density at 275 and that at 260 m/i The fractions 
indicated by numbers on the graph are Peak 1, inorganic orthophosphate (position 
°iily)> Peak 2, inorganic pyrophosphate (partly overlapping ultraviolet-absorbing 
peak), Peak 3, CTP, Peak 4, ADP, Peak 5, UTP, Peak 6, ATP, Peak 7, GTP 

Until dissolved The resin was removed by filtration and washed, and the 
ex-tract was again neutiahzed The different phosphate compounds were 
then separated by ion exchange chiomatography on a column of Dovex 1, 
formate form (9) 

Successive samples of the tube contents vere scanned for radioactivity, 
and the optical densities at 260 and 275 m/i v ere determined in the tubes 
corresponding to the radioactive peaks Fig 4 shovs the ultraviolet ab- 
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sorption and the radioactive data from a representative experiment The 
ratios between the optical densities at 275 and 260 m^i identified the punne 
or pynmidine part of the eluted nucleotides and mdicated to what extent 
the fractions were overlapping, so that tubes contaimng pure substances 
could be used for further work 

Laige amounts of strongly radioactive orthophosphate were eluted close 
to Tube 30 m most experiments Around Tube 70 another strongly radio- 
active peak was eluted, which was identified as inorgamc pyrophosphate 
This was partly contaminated with another peak which probably contamed 
a low concentration of a mixture of mononucleotides Pyrophosphate was 
identified by means of paper chromatography m two different solvents 
acetic acid-ethyl acetate-water, 3 3 1, and methanol-fonmc acid-water, 
16 3 1 Also, after addition of carrier Na 4 P 207 , it was repeatedly precipi- 
tated as the zinc salt at pH 3 8 The specific activities of the mitial mix- 
ture, and after one, two, and three precipitations, were, respectively, 934, 
775, 772, and 815 c p m per nmole of acid-labile phosphate 

The following fractions were tentatively identified by means of their 
275 260 ratios as CTP, ADP, UTP, ATP, and GTP Occasionally smaU 
amounts of GDP were eluted after UTP 

Water and ammomum formate were removed from the pooled fractions 
The nucleotides were conclusively identified and measured by their ultra- 
violet spectra (11, 12), and acid-labile phosphate and radioactivity were 
detei mined in all fractions The results are given m Table II and Fig 5 

The ATP from the 10 rmnute incubation period was allowed to react 
with glucose in the presence of hexokinase ADP, G-6-P, and some AMP 
were isolated by direct chromatography of the reaction mixture (G-6-P 
was identified and analyzed by its reduction of TPN with G-6-P dehydro- 
genase ) The data for ADP and AMP are mcluded m Table II after cor- 
rection for radioactive decay 

According to Fig 3, the amount of radioactivity m the non-molybdate- 
reacting fraction was much lower, on a percentage basis, than the amount 
of orthophosphate that disappeaied The portion of radioactivity re- 
covered approached one-half of the fraction of orthophosphate removed 
after 10 rmnutes of incubation This has been confirmed in a number of 
experiments with incubation times up to 90 mmutes The same ratio of 
0 5 was found, ii respective of whether extra orthophosphate or only trace 
amounts of P^ 204 ^~ were added to the medium The disappeaiance of 
orthophosphate wasimtially a rapid process, but the incorporation of radio- 
activity into phosphorylated products reached its maximum much later 
It IS evident that the orthophosphate m the cell is preferentially used dunng 
the imtial incubation penod, and that some active respiration is needed 
before equihbnum is established between the phosphate in the medium and 
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that in the cells Specific activity in the remaining total orthophosphate 
can be calculated Since, aftei 30 seconds, the orthophosphate remaimng 
(67 3 per cent) retained 98 6 per cent of the radioactivity, its relative spe- 
cific activity would be 98 6/67 3 = 1 465 The data calculated in this way 

Table II 


Relative Amounts of Acid-Labile Phosphate and Organic Base in Nucleotides Isolated 
from A suboxydans and Specific Activity in Various Nucleotides 


Incubation time 

1 

Nucleotide 

^ Amounts isolated 

Acid labile P groups 
per purme or 
pyrimidine 

Specific activity 

sec 


1 

ftmoles i 

1 



cpm per umolc 
acid labtle P 

30 

UTP 

1 

79 

2 

04 

4,720 

30 

ATP 

2 

45 

2 

00 

5,470 

30 

GTP 

0 

53 

2 

47 

5,540 

mm 







3 

OTP 

0 

78 

2 

18 

24,600 

3 

ADP 

0 

37 

1 

13 

22,200 

3 

UTP 

2 

53 

1 

84 

22,850 

3 

ATP 

3 

29 

1 

91 

23,350 

3 

GTP 

0 

54 

1 

99 

19,850 

mm 

1 






10 

GTP 

0 

84 

2 

11 

53,200 

10 

ADP 

0 

13 



55,800* 

10 

<< 

1 

41 

0 

99 

64,200t 

10 

UTP 

1 

75 

2 

14 

45,300 

10 

ATP 

3 

83 

2 

17 

45,800 

10 

GTP 

1 

23 

2 

02 

42,400 

10 

AMP 

0 

26 



9,030*t 


Absorption spectra for the nucleotides were determined in 0 1 n HCl and 0 1 n 
NaOH, and the amounts were calculated 

* Specific activity given as counts per minute per micromole of purine 
t Isolated from the reaction mixture (ATP, hexokinase, glucose) after chromatog- 
raphy 


are plotted for companson (Fig 5, Curve 1) and comcide well with the 
evpenmental values 

In the same way the expected average of the specific activities of the 
products of phosphorylation was calculated This was found to be lower 
than the activities of all the isolated fractions (Fig 5) and indicated that 
orthophosphate of low activity had been incorporated into another phos- 
phate compound, which was not isolated in this experiment Such a com- 
pound might be high polymer metaphosphate, which has frequentlj'" been 
demonstrated m microorgamsms (13, 14) It was found that part of the 
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phosphate consumed dunng oxidation of glyeerol could not be recovered m 
the supernatant hquid (TCA extract) by analysis for acid-labile phosphate 
Assuming that not all of the loss was due to the conversion into stable es- 
ters, part of the phosphate may have been bound in a fraction which is not 
soluble in 5 per cent TCA under the conditions of the experiment This 
would correspond to the properties of metaphosphate (13) 

A high polymer metaphosphate was later isolated from TCA-treated A 
suhoxydans by extraction of the residue with water at neutral pH (13) 
After centnfugation, the extract was treated with barium acetate, and the 



Fig 5 Change of specific activity (specific activity = counts per minute per 
micromole of orthophosphate or acid-labile phosphate measured as orthophosphate) 
with incubation time of the diflierent phosphates m A suhoxydans Curve 1, calcu- 
lated activity of inorganic orthophosphate, Curve 2, calculated average activity of 
products of phosphorylation Calculations were based on the data presented in Fig 
3 (see the text), Curve 3, experimental data for orthophosphate, Curve 4, experi- 
mental data for pyrophosphate. Curve 5, experimental data for ATP (see Table II) 
The values refer to the acid-labile groups m ATP, and the data for the 10 nunutes 
incubation period were corrected for activity in AMp The specific activities m the 
acid-labile group in ADP and in those of the other isolated nucleotides were virtually 
identical with the corresponding activities of ATP 

precipitate was collected with centnfugatiou and rendered soluble with 
Dowex 50 (hydrogen form) The solution was clarified by centnfugation 
and reprecipitated with banum acetate at pH 3 0 After being rendered 
soluble with Dowex 50, the solution was dialyzed for 24 hours agamst dis- 
tdled water, and then clanfied by centnfugation when necessary The 
solutions prepared m this way gave a purple to pink color with toluidine 
blue (30 mg per hter) and were hydrolyzed to orthophosphate m 1 N 
H 2 SO 4 at 100° for 15 minutes Some substances that absorbed in ultra- 
violet light were still present, but the calculated ratio between acid-labile 
phosphate and “punne” was more than 12 1 

The results from the time-course study (Fig 5) indicated that inorganic 
pyrophosphate might play some role as an intermediate product in phos- 
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phoiylation in A suboxydans It was also suspected that metaphosphate 
might be of importance These substances were therefore investigated foi 
their possible ability to act as “spaikers” in the oxidation of fructose in 
fasted cells, some extracts, and the particulate preparation made fiom 


Table III 

Oxidative Incorporation of Orthophosphate and Radioactivity 
into Phosphate Compounds m A suboxydans 



E-tperunent 1 

Experiment 2 

Experiment 3 


per cent 

Specific 

actmiy* 

per cent 

Specific 

activity* 

per cent 

specific 

activity* 

Orthophosphate consumption 

31 2 


28 2 


30 2 


P^® uptake, TCA-soIuble fraction 

3 5 


11 4 


15 1 


“ “ TCA-insoluble 

Orthophosphate 



2 5 


3 4 


Zero time 




68,400 



Calculated after incubation 




82,000 


E isH 

Experimental from column 




89,300 


ElKiH 

Pyrophosphate 




38,200 


r V 'H 

ATP 


IB 


29,600 


EuSal 

ADP 






AMP 







Metaphosphate 








The cell suspensions in all three experiments were 12 gm of wet cell paste per 100 
ml of suspension in standard malate medium The procedure was as in the time- 
course study Experiment 1, the suspension was incubated for 15 minutes in oxy- 
gen with glycerol as substrate, but with no radioactivity Then P^^-orthophosphate 
was added rapidly and the shaking was continued for 60 seconds more before the addi- 
tion of TCA Experiment 2, the suspension was incubated for 15 minutes in oxygen 
with fructose as the substrate and P’^-orthophosphate in the medium Experiment 
3, the suspension was incubated for 60 minutes in oxygen with glycerol as the sub- 
strate and P’^-orthophosphate in the medium The values for the orthophosphate 
consumption and the P’^ uptake are presented as per cent initially present 

* Specific activity = counts per minute per micromole of orthophosphate or 
acid-labile phosphate measured as orthophosphate 
t Corrected for radioactivity in AMP 

t Obtained as remaining activity after the acid-labile phosphate in ATP was re- 
moved by extraction as the molybdate complex 

alumina-ground cells described by Widmer ei oi (7) No such effects v ere 
found The metaphosphate used m these experiments was prepared from 
A suboxydans or made synthetically by heatmg KH 2 PO 4 at 450° for 4 
hours (15) During these experiments it was showm that large amounts of 
metaphosphate were associated unth the particulate matter in the cells A 
suspension of the particulates gave directlj’" a pink to purple color vuth 
toluidine blue 
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Dunng respiration and pliosphoiylation in A suboxydans, inorganic 
pyrophosphate was an early product as far as mcorpoiation of radioactivity 
was concerned It seemed of inteiest to examine this compound fuithei 
ivith lespect to its rate of isotope mcoiporation dunng oxidation of diffeient 
substrates and ovei prolonged periods of incubation Glyceiol and fiuc- 
tose weie selected as substrates, since the imtial oxidation step for the for- 
mer compound is independent of pyridine nucleotides, whereas the latter 
requires TPN or DPN (5, 6) 

The results of these expenments, given in Table III, indicate that pyro- 
phosphate had a high turnover late, and reached its maximal level of radio- 
activity rapidly, even when the cells had been pieviously respnmg foi some 
time After prolonged incubation (60 minutes) the ladioactivity m ATP 
and ADP appioached closely the activity in pyiophosphate or nearly one- 
haH of that in orthophosphate With glyceiol as substrate, the activity in 
metaphosphate remained low even after 60 minutes of incubation 
The same pattern of mcorpoiation of P®^ was found ivith either fructose 
or glycerol as substrate A considerable amount of radioactivity was, 
however, found in metaphosphate after only 15 minutes of incubation 
with fructose This has been confirmed in several experiments When 
excess glycerol was present as substrate, only small amounts of radioactivity 
were found in the insoluble (5 per cent TCA) sediment "When small 
amounts of glycerol were used, so that the oxygen consumption was greater 
than 1 atom of oxygen pei molecule of glycerol or when fructose was the 
substrate, higher levels of ladioactivity were found in the msoluble fraction 
Preliminaiy experiments mth yeast showed that inorgamc pyrophos- 
phate was strongly ladioactive after 6 imnutes of incubation vnth ethanol 
as substrate, while the acid-labile phosphate groups of ATP and ADP had 
a much lowei radioactivity (about one-seventh), but were equally active 
Some P®^ was found in metaphosphate 

DISCUSSION 

The present experiments provide evidence of oxidative phosphorylation 
in intact A suhoxijdans cells and demonstrate some important diffeiences 
between phosphorylation in this orgamsm and in ammal tissues 

The P 0 latios dunng oxidation of glucose and glycerol in A subotij- 
dans are low, almost ceitamly less than 1 The phosphorylated pioducts 
soon reach a maximal concentration, possibly due to lack of acceptois and 
because of the rapid dephosphorylation leaction descnbed in yeast by 
Lynen and Konigsbergei (10) 

The nucleotides that aie active m phosphorylation aie piesent in low 
concentiations (approximately 1 5 /mioles of ATP per gm of respiring cells, 
dry weight), and attempts to impiove the jnelds of phosphoiylated prod- 
ucts through the addition of acceptors have been unsuccessful 
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Inorganic pyiophosphate is piesent in relatively large amounts (about 
one-eighth of ATP) and turns over lapidly However, its specific activity 
does not reach that of orthophosphate, but levels off close to half that value 

After prolonged incubation, the specific activities of the acid-labile phos- 
phate groups in ATP and ADP appioach that of inoigamc pyrophosphate, 
not of orthophosphate 

Large amounts of high polymer metaphosphate are present in this oi- 
gamsm, from 5 to 10 times the phosphate eqmvalent found in ATP This 
material is slowly labeled by added P^^ 04 ®~, although there is some evidence 
that metaphosphate is formed in resting cells during glycerol and fructose 
oxidation 

The rapid turnover of inorgamc pyrophosphate in these experiments and 
the fact that the specific activities of the labile phosphates in ADP and 
ATP approach the specific activity of pyrophosphate rather than ortho- 
phosphate point strongly to inorgamc pyrophosphate as an intermediate 
in oxidative phosphorylation m A suboxydans as well as in yeast This 
has been offered previously as a possibihty in ammal systems (16, 17), 
although the pertinent data would hardly seive to estabhsh the point 
Pyrophosphate was isolated from a rat hver preparation by Con (18), and 
Lehmnger and Smith (19) showed that radioactive pyrophosphate was 
formed m an active phosphor ylatmg system contaimng P® 204 ®~ 

Of related interest is the fact that the two acid-labile phosphate groups 
of ATP are generally equally labeled, although this is not a umversal ob- 
servation (4, 20) When the two phosphates are equally labeled, as in the 
experiments of ICrebs et al (21) and of Siekevitz and Potter (22), this has 
been ascnbea to myolonase activity Although this may explain many 
of the observations premously recorded in the hteiature, the A suboxydans 
phosphorylating system would appear to operate differently In this oi- 
gamsm the concentration of AMP was small compared to that of ATP (5 
per cent oi less), and the rate of the myokinase reaction would have to be 
great in order to randomize the phosphate groups in ATP A theor 3 ’’ that 
would explain direct labehng of both acid-labile phosphate groups would 
seem to have some advantage over the addition of orthophosphate on to 
ADP As ADP has been shown to be the preferred acceptor in phos- 
phoiylation in ammal imtochondria (23), the follovang scheme may be 
suggested 

A— R— P— P + ps’— p3= A— R— P— P^”— P^’ -f P 

Tins scheme v ould confiim the obseiwations in tins papei and also those of 
Siekemtz and Potter (22) mth unequallj’’ labeled A-R-P-P^' as acceptoi in 
mitochondiia These authors observed a great dilution of radioactmty in 
ADP and ATP, as well as the formation of radioactne orthophosphate 
inside the mitochondria duiing phosphorjdation 
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The origin of pyrophosphate, uncertain in animal systems, also remains 
to be explamed in Acetobacter The P32O43- activity ratio of 0 5 

may point to an interaction of 1 molecule of orthophosphate with a low ac- 
tivity P donor, possibly polymetaphosphate, to form a molecule of pyro- 
phosphate High pol3uner metaphosphate is present m large amounts in 
the particulate matter of the cells, in which the concentration of the re- 
spiratory pigments is high 


SUMMAEY 

Phosphorylation coupled to oxidation of glycerol, glucose, or fructose 
has been demonstrated m intact cells of Acetobacter suboxydans P 0 
ratios are low (0 5 or less) 

Time-course studies with P^204 indicate that inorganic pyrophosphate 
may function as an intermediate in phosphorylation in this orgamsm The 
specific activity of pyrophosphate reaches approximately one-haK that of 
orthophosphate 

Polymetaphosphate is found in relatively large amounts in Acetobacter 
It IS suggested that this material may participate in the formation of pyro- 
phosphate 

The authors are grateful to Dr C H Wang for supeimsion of the radio- 
active work, and to Dr R W Newburgh for helpful advice 
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ENZYiMATIC DECARBOXYL VTION OF OXi\.LIC ACID 

B\ nillAO SHIMVZONO* vm) OSAMU H VYAISHI 

(/ row the Nattoiwl Tii'ititulc of lr//in/!s and Metabolic Diseases, 

Xntwnal Institutes of Health, Bethesda, Maryland) 

(Rpoouod for public vtion, Iumur\ 2, 1957) 

Large quantities of oxalic acid accumulate in the cell sap of lanous 
plants and as a majoi product of caibolijdiate metabolism by many molds 
A leceiit nnestigation in oui liboiatoi 3 ’- leiealed that oxalic acid "uas pro- 
duced from oxalacetic acid bj' an enzjme system ■which \ias isolated from 
the mj'ceha of Aspergillus nigcr (1) It uas also demonstrated that oxahe 
acid M as com ei ted to formic acid and CO 2 b}"^ an enzj me isolated from a 
soil bacterium (2) The lattei reaction pioceeded anaerobically and re- 
quired ATP,^ CoA, iNIg"*^, ThPP, and acetate 

The present communication is concerned with the purification and prop- 
erties of an enzyme which is obtained from the myceha of a wood-destroy- 
ing fungus, Collyiia vcltipes This enzjmie catalyzes the decarboxylation 
of oxalic acid with the formation of stoichiometiic quantities of formic 
acid and carbon dioxide as follows 

COOH 

I HCOOH + CO 2 

COOH 

In contrast to the oxalic decarboxylase of a soil bacterium, how'e\er, 
the enzyme from C veliipcs does not show a requirement for any of the 
cofactors mentioned above Instead, it reqmres a small amount of oxy- 
gen, although the o\ er-all reaction does not stoichiometricaUy ntfiize oxy- 
gen Prehminarj'- reports of this work have been published (3, 4) 

EXPERIMENTAL 

Manometnc Method — CO 2 was determmed by a conventional Warburg 
technique at 37° Unless otherwise specified, the reaction was measured 
m an atmosphere of air wuth a 2 ml reaction mixture contaimng 400 mmoles 
of potassium citiate and 10 /imoles of potassium oxalate at pH 3 0 The 
reaction was started by the addition of the enzyme 1 umt of actmtj^ 
was expiessed as the amount of enzyme which causes the exmlution of 

* Present address, Department of Orgamc Chemistry and Enz5'mologjx Fordham 
University, New York 

' The following abbrenations are used throughout this report ATP , adenosine 
triphosphate, CoA, coenzyme A, ThPP, thiamine pj-rophosphate, DPN, diphos- 
phopyridine nucleotide, TPN, triphosphopyridine nucleotide 
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1 Mmole of CO2 in a 1 hour period, and the specific activity was expressed 
inumtspermg ofpiotein Protein was deteimmed by the phenol method 
( 5 ) 

Anaerobic experiments weie earned out as follows 9 ml of a water solu- 
tion, pH 3 0, contammg 50 /imoles of potassium oxalate, and 2 mmoles of 
potassium citiate were saturated with helium gas^ which had been passed 
thiough chiomous chloride solution^ A 1 8 ml ahquot of this solution 
contaimng 10 jumoles of oxalate and 400 jumoles of citrate was placed m 
the main compartment of stoppered manometer flasks in which air had 
previously been leplaced by hehum The enzyme solution and the other 
chemicals were added to the side arms of the manometer flask while it was 
bemg flushed with hehum Then the flasks were attached to the manome- 
ter and hehum was passed thiough the entire manometer space for 10 
nnnutes with shaking 

Spectrophotometnc Assay — In order to determine the rate of the reaction 
with nunute quantities of the substrate, the disappearance of oxahe acid 
was followed by determimng at 25“^ the absorption at 220 or 230 m/i in a 
Beckman model DU spectrophotometer with quartz cells having a 1 cm 
light path 50 /xmoles of phosphate buffer, pH 3 0, were used m a total 
volume of 1 0 ml with 1 /nmole of oxalate and enzyme Fig 1 shows the 
ultraviolet absorption spectrum of oxahe acid at pH 3 0 

Determinations — Formic acid was determmed by an unpubhshed method 
of J C Rabmowitz ^ In the presence of ATP, foimic acid, and an enzyme 
from Clostridium cylmdrosporum, tetrahydrofohe acid is stoichiometncally 
converted to Ar^‘’-formyltetrahydiofohc acid The reaction can be detei- 
imned by the mcrease in absorption at 356 m^ The incubation mixture 
(10 ml ) contained the following components, expressed in nucromoles 
maleate buffer, pH 7 0, 25, FeS04 ,0 5, MgCh, 20, mercaptoethanol, 2 5, 
tetrahydiofohc acid, 1, ATP, 2 The mixture was incubated at 37° for 
3 minutes, 0 1 ml of a partially purified enzyme preparation of C cyhndro- 
sporum was then added and incubation contmued for 10 more minutes 
1 ml of 5 per cent perchloric acid was then added, and the supernatant 
solution was used for the spectrophotometnc deterimnation 

Growth Conditions and Preparation of Crude Extract — C velUpes (strain 
S) was grown on the surface of a medium contammg 5 pei cent dextiose, 

1 per cent peptone, 0 1 per cent KH2PO4, 0 05 per cent MgS04 7H2O, 
and 1 per cent Difco malt extract at pH 5 2 The medium (200 ml ) was 

2 Grade A helium gas was obtained from the Bureau of Mines, Department of 
Interior, and was reported to contain less than 0 002 per cent (by volume) oxygen 

3 Oxsorbent, chromous chloride solution, Burrell Corporation, Pittsburgh, Penn- 

wish to express our gratitude for the kind collaboration of Dr J C Babmo 
Witz m carrying out the formic acid assay with us 
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placed in Blake bottles of 1 liter capacity and incubated at 25° About 
25 da 3 ’^s after inoculation, the reaction of the medium was bi ought to about 
pH 3 0 by the addition of about 2 5 mmoles of o\ahc acid to each culture 
flask The myceha weie hai vested 2 to 3 days after the addition of oxahc 
acid The culture medium was lemoved by flltration through a double 
layei of cheesecloth, and the luj^cehal pad was washed twice mth cold dis- 
tilled watei and stored at —20° 

50 gm of frozen mj^ceha weie giound in a Waimg blendor for 3 imnutes 
with about 10 gm of crushed dry ice, and the fine powder was extracted 
with approximately 150 ml of 0 1 m potassium citrate buffer, pH 3 2, for 
10 imnutes at 4° vuth constant mechanical shaking The suspension was 



WAVE LENGTH (M/i) 

Fig 1 Absorption spectrum of oxalic acid at pH 3 0 and 0 01 m 

centrifuged at 10,000 X g for 20 imnutes at 0-2° The supernatant solu- 
tion thus obtamed (crude extract) usually contamed about 1 5 to 2 0 mg 
of protem per ml 

Material — Crystalhne catalase was obtamed from the Worthington 
Biochemical Corporation a-Ketomalonate is a product of the H M 
Chemical Company, Ltd 


Results 

Purification of Enzyme — ^All the manipulations were earned out at ap- 
proximately 3° Cold acetone (500 ml ) was added dropwise to 1000 ml 
of crude extract with constant mechanical stirnng The precipitate was 
removed by centrifugation, and the piecipitate formed upon further addi- 
tion of 500 ml of acetone was dissolved in about 30 ml of 0 1 m potassium 
acetate buffer at pH 4 5 (first acetone fraction) 
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The first acetone fraction was dialyzed for 12 hours against 100 volumes 
of 0 02 M potassium acetate buffer at pH 4 5, and a small amount of 
precipitate formed during the dialysis was removed by centrifugation 
To 10 ml of the supernatant solution were added 6 8 ml of cold acetone 
dropwise with constant mechamcal Stirling The precipitate was removed 
by centrifugation, and 3 2 ml of cold acetone were added to the supernatant 
fluid in the same manner The precipitate thus formed was collected by 
centrifugation and was dissolved m 2 ml of 0 1 m potassium acetate buffer 
at pH 4 5 (second acetone fraction) 

The second step was repeated with the second acetone fraction, and the 
final preparation was dissolved m the same buffer (third acetone fraction) 
The result of a typical purification is shown m Table I Approximately 
400-fold purification was achieved with an over-aU yield of about 35 per 


Table I 

Purification of Oxalic Acid Decarboxylase 
20 liters of culture (500 gm of wet mycelium) 


Steps 

Total 

volume 

Units 

Total 

protem 

Spemfio 

activity 

Yield 


ml 


mg 

umis fer 
mg protein 

per cent 

Crude extract 

1600 


3840 

8 

100 

1st acetone fraction (33-50%) 

60 

E3B13 

110 


72 

Dialysis 

53 


101 

HI 

73 

2nd acetone fraction (40-50%) 

10 


5 

mm 

41 5 

3rd “ “ (40-50%) 

10 


3 4 

3166 

35 5 


cent The specific activity of crude extracts vaned from 8 to 73 among 
the SIX different batches, but the specific activities of the final preparations 
were almost identical and ranged from 3166 to 4040 

Stoiclnometry and Cofactor Requirement — When 10 ^tmoles of oxahc acid 
were incubated under standard assay conditions in the Warburg manome- 
ter flask, 9 8 Mmoles of COz were produced and no measurable oxygen con- 
sumption was observed After the reaction was over, the mcubation rmx- 
ture was removed from the flask and an ahquot was used for determination 
of formic acid, 10 3 Mmoles of formic acid were produced This result indi- 
cated that the over-all reaction was a stoichiometric decarboxylation of 
oxahc acid to form formic acid and COz, and therefore it appeared to be 
identical with the enzymatic reaction previously described by Jakoby, 
Ohmura, and Hayaishi (2) 

However, when the puiified enzyme was dialyzed against cold distilled 
water for several days, there was httle loss of activity, and the addition 
of CoA, ATP, acetate, or cocarboxylase, alone or m combination. 
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did not show any stimulation "Wlicn the enzyme was treated with Dowex 
1 foimate, theiatcof thcieaction A\as icdiiced to about 20 per cent of the 
oiigmal Howevei, the addition of cithei boiled ciude extracts or ATP, 
CoA, acetate, and cocaibo\ 3 dase did not mciease activity 

These observations suggested to us that eithei the cofactois were bound 
extremely’- tightly to the enzyme protein oi that the pioperties of the Col- 
hjvia enzjmie were diffeient fiom those of the one previously described 
from a soil bacterium 



Fig 2 Effect of oxygen on the rate of enzjTnatic decarboxylation of oxalate 
The incubation mixture contained, in 2 0 ml , 0 024 mg of enzyme protein (second 
acetone fraction), 10 yumoles of potassium oxalate, and 400 //moles of potassium ci- 
trate buffer, pH 3 2 The branched side arm contained 10 units of catalase m one 
end and 2, 0 5, or 0 2 //mole of H 2 O 2 and 3 //moles of potassium phosphate buffer, pH 
7 0, in a total volume of 0 3 ml in the other end, temperature, 37° The values were 
corrected for oxygen evolution 

Fig 3 Effect of quinone and hydroquinone on the rate of enzymatic decarboxyla- 
tion of oxalate The incubation mixture contained 0 024 mg of enzyme protein 
(second acetone fraction), 10 //moles of potassium oxalate, and 400 //moles of potas- 
sium citrate buffer at pH 3 2 Air was introduced at 90 minutes and exact readings 
were started at 105 minutes 

Effect of Oxygen on Rate of Reaction — It was previously observed that 
this reaction did not proceed under strictly anaerobic conditions and that 
introduction of air into the manometer flasks restored the activity to the 
original level (3) As shovm m Fig 2, when the atmosphere was com- 
pletely replaced by the hehum gas (see under “Methods”), the gas pro- 
duction was almost neghgible In confirmation of the previously re- 
ported results, when air was mtroduced mto the gaseous phase, the reaction 
pioceeded immediately In order to test whether oxygen is needed for 
the reaction, and how much oxygen is needed to restore 100 per cent activ- 
ity, various amounts of oxygen were evolved in the manometer flasks as 
follows A double side arm manometer flask was employed, one of the side 





156 


ENZYMATIC OXALATE DECARBOXYLATION 


arms of which had two reservoirs (Amencan Instrument Company, Inc , 
catalogue No 5-224) In one of these, 10 umts of catalase were placed, 
and various amounts of hydrogen peroxide were placed in the other reser- 
voir Usually the reaction was started by tippmg in the oxalate solution 
from one side arm, and gas production was followed for about 30 mmutes 
to make sure that the rate of the reaction was almost negligible Then 
the catalase and H 2 O 2 were mixed m the branched side arm so that a known 
amount of oxygen was hberated m the manometer gas phase As shown 
m Fig 2, about 1 /xmole of oxygen was necessary to restore the complete 
activity With 0 25 /imole of oxygen the effect was about one-fourth, and 
with 0 1 Mmole of oxygen stimulation was about 10 per cent, of that ob- 
served with 1 jumole of oxygen In the absence of oxygen the enzyme 



pH 

PiG 4 Heat stability of oxalic decarboxylase at various pH levels Tbe enzyme 
solution (first acetone fraction) containing approximately 2 mg of protein per ml 
was heated at 78° for 10 minutes, cooled, and assayed with the standard assay system 
The pH was adjusted by the cautious addition of n KOH and H2SO4 

appears to be completely stable, and even after 5 hours mcubation the 
enzyme showed the original level of activity, once an was mtroduced 

The reqmrement for oxygen was strictly specific and could not be re- 
placed by any of the foUowmg compounds at concentrations of 0 01, 0 001, 
or 0 0001 M H 2 O 2 , paraqumone, 2-methyl- 1,4-naphthoqumone, flavm 
ademne dinucleotide, flavm mononucleotide, DPN, TPN, KNO3, and 
cytochrome c Hydroqumone and qumone exhibited no effect under ana- 
erobic conditions, but when the an was mtroduced qumone exhibited a 
marked inhibition, as shown m Fig 3, whereas hydroqumone stimulated 
the reaction by 60 to 100 per cent Certam other reducing agents, such 
as catechol, ascorbic acid, and FeS 04 showed some stimulating effect, but 
glutathione, cysteine, or cystme had no effect at 10“® and 10~^ m Chelat- 
mg agents suchas ethylenediammetetraacetic acid, KCN, andQ:,a'-dipyridyl 
(10~® or 10"^ m) had no effect, nor did p-chloromercunbenzoate (10"'* m) 
have any inhibitory action on the most purified enzyme preparation 
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Slahihiy — Ciude enzyme solutions at vauous pH values were prepared 
by the cautious addition of HCl oi KOH and heated at 78° for 10 minutes 
The activitj’’ of these solutions was tested by the manometiic technique 
The enzyme lost only about 5 per cent of the activity at pH 4 0, but lost 
almost 90 pei cent at pH 2 0 and 7 0 (Fig 4) The crude enzyme prepa- 
ration of pH 4 3 did not show any decrease in activity after storage at 0° 
foi 45 days 

Influence of pH and Substrate Concenti ation — Maximal activity for the 
decaiboxylation was observed in the lange of pH 2 5 to 4 0 (Fig 5) The 
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Fig 5 Effect of pH on the rate of the reaction The reaction mixture contained 50 
pmoles of potassium phosphate buffer, pH 3 0, 0 014 mg of enzyme protein (second 
acetone fraction), and 1 /imole of potassium oxalate in a total volume of 1 0 ml 
Optical density measurements were taken at 220 m/x in a Beckman DU spectropho- 
tometer for 3 minutes at 27° The amounts of oxalate decomposed were calculated 
from the optical density of oxalate at each pH 

Fig 6 The rate of enzymatic decarboxylation as a function of substrate concen- 
tration (•) The conditions described in Fig 4 Optical density was determined at 
220 m/x or 230 m^x depending on the concentration of the substrate The right-hand 
ordinate scale refers to a Lineweaver-Burk plot (6) of substrate concentration divided 
by velocity {S/V) as a function of substrate concentration (O) 

influence of varying concentrations of the substiate is illustrated in Fig 6 
The apparent dissociation constant (Km) of the enzyme and substrate is 
approximately 2 05 X IQ-^ m 

Substrate Specificity — Oxahc acid was the only substrate found to be 
decarboxylated by the purified enzyme preparation Pyruvic, malomc, 
succimc, glycolic, citric, mahc, a-ketomalonic, oxalacetic, and formic acids 
were all mactive The ngid specificity of this enzyme makes it an excel- 
lent tool for the specific and quantitative determination of oxahc acid 

DISCUSSION 

It appears that there are at least three different enzymes which decar- 
boxylate oxahc acid in nature In higher green plants (6) and mosses 
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arms of which had two reservoirs (Amencan Instalment Company, Inc , 
catalogue No 5-224) In one of these, 10 units of catalase were placed, 
and various amounts of hydrogen peroxide weie placed m the other reser- 
vou- Usually the reaction was started by tippmg m the oxalate solution 
from one side arm, and gas production was followed for about 30 minutes 
to make sure that the rate of the reaction was almost neghgible Then 
the catalase and H 2 O 2 were mixed m the branched side arm so that a known 
amount of oxygen was hberated m the manometer gas phase As shown 
m Fig 2, about 1 fimole of oxygen was necessary to restore the complete 
activity With 0 25 ^imole of oxygen the effect was about one-fourth, and 
with 0 1 iimole of oxygen stimulation was about 10 per cent, of that ob- 
served with 1 /imole of oxygen In the absence of oxygen the enzyme 



pH 

Fig 4 Heat stability of oxalic decarboxylase at various pH levels The enzyme 
solution (first acetone fraction) containing approximately 2 mg of protein per ml 
was heated at 78° for 10 minutes, cooled, and assayed with the standard assay system 
The pH was adjusted by the cautious addition of n KOH and HsSOi 

appears to be completely stable, and even after 5 hours mcubation the 
enzyme showed the ongmal level of activity, once an was mtroduced 

The requnement for oxygen was strictly specific and could not be re- 
placed by any of the following compounds at concentrations of 0 01, 0 001, 
or 0 0001 M H 2 O 2 , paraquinone, 2-methyl- 1,4-naphthoqmnone, flavm 
ademne dmucleotide, flavin mononucleotide, DPN, TPN, ENO 3 , and 
cytochrome c Hydroqumone and qinnone exhibited no effect under ana- 
erobic conditions, but when the an was mtroduced qmnone exhibited a 
marked inhibition, as shown m Fig 3, whereas hydroqumone stimulated 
the reaction by 60 to 100 per cent Ceitam other reducmg agents, such 
as catechol, ascorbic acid, and FeSOi showed some stimulatmg effect, but 
glutathione, cysteine, or cystine had no effect at 10"^ and 10“^ m Chelat- 
ing agents such as ethylenediammetetraacetic acid, KCN, andaja'-dipyndy 
(10"^ or 10"^ m) had no effect, nor did p-chloromercuribenzoate (10 ^ m) 
have any inhibitory action on the most purified enzyme preparation 
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pel oxide did not appeal likely, although this hypothesis could not be ruled 
out completely 


SURIMAUX 

Oxahc decaibo\ 3 dase fiom CoUyvia vellipes was puiified about 400-fold 
RMth an ovei-all jneld of about 35 pei cent The enzyme is most active at 
pH 3 0 and most stable at pH 4 5 It acts specifically on oxahc acid and 
produces stoichiometiic quantities of CO 2 and foimic acid In contrast 
to the previouslj'- leported oxalate decaibox 3 dase fiom a soil bacteiium, 
this enzyme does not show any lequnement foi adenosine triphosphate, 
coenz 3 'me A, cocaibox 3 dase, acetate, or Mg 1011 However, it is active 
onl 3 ’- 111 the piesence of small amounts of oxygen, although the ovei-all 
leaction does not involve net oxidation 
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jV-formimino-l-aspartic acid as an intermediate 

IN THE ENZYMATIC CONVERSION OF IMIDAZOLE- 
ACETIC ACID TO FORMYLASPARTIC ACID* 


OSAMU HAYAISHI.t HERBERT TABOR, and TAKHCO HAYAISHI 

(From the Department of Microbiology, Washington University School of Medicine, 
St Louis, Missouri, and the National Institute of Arthritis and Metabolic 
Diseases, National Institutes of Health, Bethesda, Maryland) 

(Received for publication, January 2, 1957) 

111 earlier communications (1, 2) we have desenbed the conversion of 
imidazoleacetic acid* to form 3 daspaitic acid by a partially purified enzyme 
preparation obtained fiom a pseudomonad grown on ImAA This reac- 
tion required DPNH and oxygen, as shown m Reaction 1 

(1) ImAA + DPNH -f H+ -f O 2 + H;0 FA NH 3 -f DPN 

The piesent conmiunication is concerned with the fuither puiification 
of the enz 3 ’'me system and with the identification of N-formimino-n-aspartic 
acid as an mteimediate compound m Reaction 1 Sepaiate enzymes, 
ImAA oxidase and FIA hydiolase, which have been purified, cairy out 
Reactions 2 and 3, respectively 

(2) ImAA + DPNH + H+ -f O 2 FIA + DPN 

/(3) FIA -f H 2 O -> FA -f NHs 

Methods 

Materials — ImAA was piepared m collaboration with Dr Hugo Bauer 
by the alkahne hydrolysis of imidazoleacetonitiile, the latter was obtamed 
by the treatment of histidine with sodium hypochloiite (3) C*^-Carboxyl- 
labeled ImAA was obtamed by the same method by starting vith com- 
mercial Q:-C*^-DL-histidme 

FIA was synthesized by a modification of the foimiminoalamne prepa- 

* This investigation was supported in part by a research grant (No G-3727) from 
the National Institutes of Health, United States Department of Health, Education, 
and Welfare 

t Present address. National Institute of Arthritis and Metabolic Diseases, Na- 
tional Institutes of Health, Bethesda 14, Maryland 

* The following abbreviations are used throughout the paper ImAA, ^-(imi- 
dazolyl-4 (5)) -acetic acid, FIA, N-formimmoaspartic acid (formamidmosuccimc 
acid), FA, formylaspartic acid, DPN, diphosphopyridme nucleotide, TPN, triphos- 
phopyridine nucleotide, DPNH, reduced DPN, TPNH, reduced TPN, Tris, tris- 
(hydroxymethyl)aminomethane, EDTA, ethylenediaminetetraacetic acid, PCMB, 
p-chloromercuribenzoate 
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ration of Micheel and Flitsch (4), which involves the condensation of for- 
mamidine and aspartic acid in formamide Formamidine h^'^drochloride 
was prepared by the leductive desulfurization of thiourea with Raney 
nickel accoidmg to Brovni (5) To piepaie FIA, 1 6 gm (20 mmoles) of 
formaimdine hydrochloride, 3 gm (11 mmoles) of Ag 2 C 03 , 1 33 gm (10 
mmoles) of n-aspartic acid, and 5 ml of ledistiUed formamide were vig- 
orously stirred foi 36 hours at lOom tempeiature m a 50 ml roimd bot- 
tomed flask, stoppered with a CaClj tube The mixture was then placed 
in vacuo foi | hour to lemove most of the dissolved CO 2 , tieated with 100 
ml of 0 06 N HCl, and filteied The FIA in the filtrate was adsorbed on 
a Dowex 1 acetate column (8 to 10 per cent cross-hnked, 200 to 400 mesh, 
4 5 sq cm X 18 cm ) and eluted by giadient elution (0 3 n acetic acid was 
added to a nming reservoir contaimng 250 ml of H 2 O) , it appeared m the 
250 to 450 ml fraction, and was detected by the alkalme feiricyamde- 
mtroprusside color test of Rabmowitz and Piicer (6) Free aspartic acid 
was eluted in the succeeding fractions and was most easily detected by 
paper chromatography of aliquots (see below) After evaporation of the 
FIA fi actions in vacuo, 1 1 gm (69 per cent yield, based on aspartic acid) 
of crystalhne FIA were obtained This material was then recrystaUized 
from warm 50 per cent ethanol, m p 190-198° (with decomposition) 

C 6 H 8 N 2 O 4 Calculated C 37 50, H 5 05, N 17 50 
Found “ 37 45, “ 4 93, “ 17 28 

Titration of 0 05 to 0 1 m solutions indicated that pKi', PK 2 ', and pKs^ 
were approximately 2 2, 41, and 116 FIA is stable for long penods (at 
least several months) at room temperature in 6 n HCl, 0 1 n HCI, 0 1 n 
acetic acid, 0 1 m acetate buffer, pH 4, and 0 2 m potassium phosphate 
buffer, pH 7 2 It has a half life at room temperature of approximately 
40 hours in O 05 M sodium borate, pH 9 2, 70 minutes at pH 10 8, 20 mm- 
utes at pH 11 5, and 10 minutes in 1 n KOH After hydrolysis m 0 I n 
N aOH, no FIA could be detected, and 1 equivalent each of n-aspartic 
acid, formic acid, and ammonia was produced In ^eriJ-butanol 70, formic 
acid 15, H 2 O 15 (7) solvent with Whatman No 1 paper, FIA moved with 
an Rf of 0 48, a small impuiity of aspartic acid (0 1 per cent) could be 
detected with an Rf of 0 32 FA was synthesized according to Tabor and 
Mehler (8) Formiminoglycine was kmdly furnished by Dr J C Rabino- 
witz 5-Carbo\'ymethylliydantom was a gift from Dr I Lieberman 

Glucose dehydrogenase was purified from beef hver (9) and contained 
3 8 mg of protein (3020 units) per ml Crystalhne catalase was obtained 
from the Worthington Biochemical Corporation DPN, TPN, DPNH, 
TPNH, and glucose oxidase (notatin) were obtained from the Sigma Chem- 
ical Company 
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Delei minahons — Pi olein was detci rained by the phenol method (10), 
aspaitic acid was measuied with aspaitic decaibo\ylase (11), and formate 
was measuied by a manometuc piocedure (12) Ammonia was deter- 
mined b 3 '^ an unpublished method of S M Rosenthal A sample con- 
taining 0 2 to 1 ;uniole of ammonia was placed on an XE-64: K+ column 
(2 cm XI sq cm ), and the column was washed twice with about 4 ml of 
watei mth piessuie This pioceduie washed out all the FIA, which re- 
acts slowlj'- Mnth the alkahne Nesslei’s reagent The column was then 
eluted with 2 5 ml of 0 2 n NaOH, followed by 0 5 ml of water The 
amount of amnioma in the eluate was then determined bj'’ dnect nessleriza- 
tion Muth 0 2 ml of an alkah-fiee Nesslei’s reagent 

lr\Tiatman No 3 hlM paper was used for paper chiomatography, which 
was earned out bj'’ a descending techmque at loom temperature with the 
solvent s^’^stems described in the text Aspartic acid was detected on the 
chromatograms by a mnhj’^drin spray and heating at 90° for 5 minutes 
FIA and FA were lendeied visible mth nmhydnn after exposuie of the 
paper to NHj and HCl vapor, lespectively, for seveial hours FIA was 
also rendered visible bj'’ the alkahne feii]C3’^amde-mtropiusside leagent 
(6) and FA by the chlorme method (13) Ion exchange chromatography 
was carried out on Dowex 50 (2 pei cent cioss-hnked, 200 to 400 mesh, 
hydrogen form) and Dowex 1 (2 pei cent cross-linked, 200 to 400 mesh, 
acetate form) columns C*'‘-containing samples were plated as thin layers 
on metal disks and measured in a gas flow counter 

Enzyme Assay 

ImAA Oxidase — The standard assay system contained the following 
components, expressed m micromoles, in a total volume of 1 ml Tris 
buffer, pH 9 0, 10, ImAA 5, DPNH 0 2, and enzyme The reaction was 
started by the addition of enzyme, and the decrease of absorption at 340 
Txiy was measuied at 30 second mtervals over 5 mmutes at 25° in a Beck- 
man model DU spectrophotometer with cells having 1 cm hght path A 
unit of enzyme was defined as the amount oxidizing 1 /zmole of DPNH dur- 
mg a 1 hour period under these conditions, and the specific activity was 
defined as umts pei mg of protem Correction foi DPNH oxidase activ- 
ity as measured in controls vnthout ImAA was made when crude enzyme 
preparations were employed 

FIA Hydrolase — FIA was determined according to the method described 
by Rabmowitz and Pricer for the determination of formiminoglycme (6) 
This standard assay system for the enz 3 '^me activity contamed, m 0 5 ml , 
4 jumoles of FIA, 50 jumoles of Tiis buffer, pH 9 0, and enzyme piotem 
Incubation was earned out m 3 ml Beckman cuvettes with a 1 cm hght 
path at 25°, and, after 15 minutes, 2 0 ml of saturated sodium borate 
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solution were added to stop the reaction This was followed by the addi- 
tion of 0 5 ml of the alkahne ferricyanide^mtroprusside reagent, and the 
optical density was determined at 500 after 30 minutes at 25° 1 

Mmole of FIA gave an optical density of approximately 0 500 A umt of 
enzyme is defined as the amount hydrolysing 1 nmole of FIA in 1 hour, 
calculated from the disappearance of FIA during 15 mmutes The specific 
activity is defined as umts of enzyme per mg of protem 

The intensity of the color obtained with FIA m this procedure is vana- 
ble, dependmg on the concentration and bnd of salts present For ex- 
ample, 50 Mmoles of Tns buffer, under the standard assay conditions, gave 
no color development by itself, but intensified the color development ivith 
FIA by approximately 20 per cent 

Growth Conditions and Preparation of Crude Extracts — Pseudomonas sp 
(ATCC 11299B)^ was grown with shaking in a 6 hter Erlenmeyer flask 
contaimng 1 hter of medium The medium contamed 1 5 gm of K 2 HPO 4 , 
0 5 gm of KH2PO4, 0 2 gm of MgS 04 711^0, 1 0 gm of ImAA hydro- 
chloride, and 1 0 gm of Difco yeast extract per htei of distilled water 
The pH was adjusted to 7 0 with 1 n KOH 

Growth was allowed to proceed at 25° for 18 hours, and the cells were 
then harvested by centrifugation and washed The yield of cells was ap- 
proximately 2 0 gm of wet weight per hter of medium Cell-free extracts 
were prepared by gnndmg the cells with alumina (Alcoa A-301) (14) and 
extracting with 20 volumes of 0 02 m potassium phosphate buffer, pH 7 0 
Crude extracts usually contained approximately 3 4 mg of protem per ml , 
and the specific activity of ImAA oxidase varied between 6 and 10 

Results 

ImAA Oxidate 

Enzyme Purification — ^To 100 ml of the crude extracts were added 50 
ml of a 1 per cent solution of protamine sulfate (Eh Lilly and Company), 
and the precipitate was lemoved by centrifugation (protamine supernatant 
fi action) 

To 100 ml of the piotamme supernatant fraction was added sufficient 
calcium phosphate gel (15) to adsorb 90 to 100 per cent of the enzyme 
activity Usually 10 ml (165 mg , dry weight) were reqmred After 
10 mmutes, the mixture was centrifuged and the supernatant fluid was 
discarded The gel was washed once with 20 ml of 0 04 m potassium 
phosphate buffer, pH 7 0, and then the enzyme was eluted from the pre- 

^ Pseudomonas sp ATCC 11299 contains two colony types A large, flat and 
smooth colony, A, and a small and elevated type, B, were distinguished only by the 
colony appearance No difference has been detected between the two colony types 
m their enzymatic or biochemical behavior 
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cipitatc ■'ABth two batches of 20 ml each of 0 2 m potassium phosphate buffer, 
pH 7 0 (calcium phosphate gel fi action I) 

The eluates weie combined and passed thiough a Dowex 1 formate 
column (1 sq cm X 12 cm ) at 4° m oidei to replace phosphate ions by 
foimate ions Sufficient aluminum hj’-di oxide gel Cy (16) (usually about 
14 ml , contaimng 260 mg of solids pei 70 ml of the piotem solution) was 
added to adsoib most of the enzyme activity The piecipitate was col- 
lected aftei 10 minutes and washed once vuth 20 ml of 0 005 m potassium 
phosphate buffei , pH 7 0 The enzyme was then eluted successively with 
20 ml of 0 01 M potassium phosphate buffer, pH 7 0, and two portions of 
20 ml of 0 02 M potassium phosphate buffei, pH 7 0 (alummum hydi ox- 
ide gel fraction I) 

The three fractions were combined and passed through a short Dowex 1 
formate column (2 cm X 1 sq cm ) at 4° Sufficient calcium phosphate 
gel (usually 6 ml per 60 ml of the piotem solution) was added to adsorb 
most of the activity The gel was washed with 12 ml of 0 02 m potassium 
phosphate buffer, pH 7 0, then eluted successively with two portions of 
12 ml each of 0 1 m potassium phosphate buffer, pH 7 0 (calcium phos- 
phate gel fraction II) 

The combined eluates were passed through a Dowex 1 formate column 
(5 cm XI sq cm ) and to the enzyme solution (25 ml ) were added 2 5 ml 
of the aluminum hydroxide gel suspension After 10 mmutes the gel was 
centrifuged, washed once vath 10 ml of 0 005 m potassium phosphate 
buffer, pH 7 0, and then the enzyme was eluted tmee with 10 ml each of 
0 01 M potassium phosphate buffer, pH 7 0 (alummum hydroxide gel frac- 
tion II) 

The combined eluates weie passed through Dowex 1 formate column 
(2 cm X 1 sq cm ), and then the calcium phosphate gel treatment was 
carried out as before The enzyme was eluted successively with 5 ml 
portions of 0 02 m and 0 04 m potassium phosphate buffer, pH 7 0 A 
typical result is shown in Table I Approximately 220-fold puiffication 
was achieved with about 18 per cent yield Calcium phosphate gel frac- 
tion III was fiee from detectable DPNH oxidase activity but stiU con- 
tained a trace of FIA hydrolase 

Isolation and Identification of FIA — Accumulation of an umdentified 
compound during the oxidation of ImAA by a partly purified enzyme 
preparation was noted previously (2) With more purified enzyme prepa- 
rations it was possible to accumulate this compound in sufficient amounts 
for isolation The reaction mixture (10 ml ) contamed 1000 nmoles of 
Tris buffer, pH 8 9, 1000 pmoles of D-glucose, 3 jumoles of DPN, 25 mmoles 
of carboxyl-labeled ImAA (95,000 c p m ), 0 2 ml of glucose dehydro- 
genase, and about 20 umts of alummum hydroxide gel fraction I Incu- 
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bation was carried out in a 150 ml Erlenmeyer flask which was shaken 
gently on a reciprocal shaker After 45 minutes at 25°, the leaction was 
stopped by the addition of 0 5 ml of 70 per cent perchloric acid, and the 
precipitate was removed by centrifugation The supernatant solution 
was then placed on a Dowex 50 hydiogen form column (10 cm X 1 sq cm ), 


Table I 

Punficahon of ImAA Enzyme 


Enzyme fraction 

Total vmits 

Over all re- 
covery, per cent 

Specific activity 

Crude extract 

1280 


6 6 

Protamine supernatant 

1200 

94 

8 0 

Calcium phosphate gel I 

1140 

89 

63 0 

Aluminum hydroxide gel I 

860 

67 

167 0 

Calcium phosphate “ II 

745 

58 

201 0 

Aluminum hydroxide “ II 

485 

38 

785 0 

Calcium phosphate “ III 

230 

18 

1423 0 

1 



RESIN BED VOLUMES 

Pig 1 Ion exchange chromatogram Conditions as described in the text The 
total recovery of the radioactivity was 81 8 per cent 

washed with watei, and eluted with 0 5 n HCl As shown m Fig 1, ap- 
proximately 15 per cent of the radioactivity came through the column 
when it was washed with water This fraction contained FA, as pre- 
viously reported (1, 2) 

The second peak appealed between 7 and 11 resin bed volumes, these 
fractions were pooled and condensed tn vacuo at 25° with a flash evaporator 
This fraction usually represented about 40 to 60 per cent of the total radm- 
actmty The enzymatic synthesis of larger amounts of FIA proved diffi- 
cult, due mamly to the rapid decrease in the reaction rate when the more 
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puiified pi epai aliens weie used The last peak, which came out after 
15 lesin bed volumes, contained the lemaining ImAA 
Samples of the second peak collected fiom ten flasks weie pooled and 
dissohed in about 10 ml of cold Matci, and the pH was cautiously ad- 
justed to about 6 0 This v as chioniatogiaphed on a column of Dowe\ 1, 
acetate foi m (o cm XI sq cm ) , and eluted with 2 n acetic acid The i adio- 

active fiactions iiliich appealed as a single peak between 8 and 16 lesin 


CM ' 




Fig 2 Infrared absorption spectra of synthetic and isolated FIA i\ere made with 
suspensions in KBr with a Perkin-Elmer recording spectrophotometer We are 
indebted to hlr H K Miller for these measurements 


bed volumes were combined, and water and acetic acid were removed b3’- 
lyophihzation The white semicrystalhne material weighed 11 mg (yield, 
27 5 per cent) This material was dissolved in 0 5 ml of water, and about 
2 0 ml of absolute alcohol were added Upon standing at 4° overnight, 
6 mg of ciystals were obtained 

The identity of this mateiial inth the synthetic FIA was estabhshed by 
the follomng cnteiia (1) elementaiy anatysis C5H8N2O4 Calculated, 
C 37 50, H 5 01, N 17 50, found, C 37 45, H 5 05, N 17 14 (2) Iiifiaied 

spectra, as shown in Fig 2 (3) Rf values, two diffeient sohent systems 

being used (Table II) (4) Both S3mthetic and isolated products started 
to darken at about 162° when heated slowly on a Kofler block, and melted 
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at 190-198° with decomposition (5) When treated with the sodium bo- 
rate and ferricyamde-mtroprusside reagent, the time-course of the develop- 
ment and the spectrum of the color were identical (Fig 3) 


Table II 


Rp Values of FIA, FA, and Aspartic Acid 



Solvent system 


ler( Butanol formic 
acid water 
(70 IS 15) 

77 per cent 
ethanol 

FIA 

0 47 ~ 0 51 

0 42 ~ 0 43 

PA 

0 65 ~ 0 66 

0 51 ~ 0 63 

Aspartic acid 

0 31 ~ 0 34 

0 27 ~ 0 29 

Isolated FIA 

0 48 

0 42 

“ “ after 0 1 n NaOH, 100°, 5 min 

0 33 

0 27 

“ “ “ hydrolysis by FIA hydrolase 

0 65 

0 53 



Fig 3 Time-course of color development and spectra of FIA when treated with 
alkaline ferncyanide-nitroprusside reagent Conditions as described in the text 
A, optical density increase was determined at 500 m/j The amount of FIA was 2 
/xmoles, O, synthetic compound of FIA, A, isolated mateiial B, O, authentic com- 
pound of FIA, A, isolated material, #, formiminoglycine 1 /imole was used m 
each case 

Alkahne hydrolysis (0 1 n NaOH, 100°, 5 mmutes) resulted m the for- 
mation of free aspartic acid which was determmed quantitatively by an 
enzymatic method (11) Since the enzyme leacts only with the l form, 
both the hydrolyzed aspartic acid and the original FIA had the n con- 
figuration 
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Spec7fict(y — TPNII docs not leplace DPNH Imidazole, imidazole- 
lactic acid, histidine, uiocanic acid, histamine, and 5-carboxymethylhy- 
dantoin \\cie all completely inactive as substiates Imidazolepropiomc 
acid was about 3 pei cent as active as ImAA, presumably yielding foim- 
iminoglutamic acid as a piodnct 



Fig 4 Stoichiometry and irreversibility The leaction rmxture (1 0 ml ) con- 
tained 100 jumoles of Tris buffer, pH 9 0, 0 3 /xmole of DPNH, and 0 9 unit of enzyme 
(aluminum hydroxide gel fraction I) 0 1 pmole of ImAA was added at zero time 
(indicated by arrow 1) and at arrow 2 At arrow 3, 0 5 //mole of FIA was added 
At arrow 4, 50 /nmoles of glucose and glucose dehydrogenase (20 units) were added 

Fig 5 Rate of reaction as a function of pH Standard assay conditions, except 
that phosphate buffer was used for pH 6 25, Tris buffer for pH 7 1, 7 9, 8 9, and 9 75, 
and glycine buffer for pH 9 9 and 10 2 

Revel sibihty — When FIA was incubated with the enzyme and DPN, no 
1 eduction of DPN occuried either aeiobically or anaerobically Similarly, 
when radioactive FIA was incubated mth ImAA, DPNH, and enzyme, 
no radioactivity was found in the remaimng ImAA, Reaction 2 was there- 
fore practically irreveisible These observations aie consistent vnth the 
stoichiometnc i elation between the oxidation of DPNH and the amount 
of ImAA added in the standard assay conditions (Fig 4) This enzyme 
accordingly provides a convement tool foi the specific quantitative deter- 
mination of ImAA 

Effect of pH and Substrate Concentration — ^Under the standard assay 
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conditions, maximal rates were obtained m the pH range 8 0 to 9 0 (Fig 
5) The rate of DPNH oxidation m the presence of ImAA and the en- 



12 3 4 5 10 

ImAA (MX 10^) 


w 

< 


Fig 6 Rate of reaction as a function of substrate concentration (•) The right 
hand ordinate scale refers to a Lineweaver-Burk plot (O) of substrate concentration 
divided by velocity (s/r) 



Fig 7 Rate of reaction as a function of DPNH concentration (O) The right 
hand ordinate scale refers to a Lineweaver-Burk plot (o) of substrate concentration 
divided by velocity {s/v) 

zyme as a function of ImAA and DPNH concentration is shown in Figs 
6 and 7 The K, values were found to be approxnmately 1 3 X 10“® 
for ImAA and about 0 8 X 10-® ai for DPNH under standaid assay con- 
ditions 
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Effect of luhibitois — In oidei to studj'^ the natiiie of the enzyme, the 
effect of so\eial inhibitois bus investigated (Table III) 

As 71-chloiomeicuubenzoate inhibited the enzyme activity, the sulf- 
hydiyl gioup is appaiently essential foi the activity jNIetal 10ns (pioba- 
bty coppei 10ns) appear to be imohed, since S-hydio\yqumohne sulfonate 
and sodium dieth3ddithiocaibamate excited maiked inhibition On the 

Tvbli. Ill 

Inhibtlton Experiment 

Stindird issnj s^btcm The optical dcnbity change was detei mined for 2 min- 
utes 


Inhibitors 

Concentration, 

it 

Per cent 
inhibi 
tion 

Inhibitors 

Concentration, 

M 

Per cent 
inhibi 
tion 

Sodium diethyldithiocar- 

1 X 10-= 

i 28 

Chel 330* 

5 X 10-5 

0 

hamate 



! 



Sodium diethjldithiocar- 

2 X 10-= 

42 

“ 600t 

5 X 10-5 

0 

hamate 






Sodium diethjldithiocar- 

5 X 10-5 

64 

Sodium oxalate 

10-5 

0 

hamate 


0 

KCN 

5 X 10-5 

0 

Diphenvlthiocarbazone 

2 X 10-5 

0 

Sodium azide 

5 X 10-5 

0 

EDTA 

10-5 


“ fluoride 

5 X 10-5 

0 

8 Hj droxj’-quinolme sul- 

1 X 10-5 

43 

PCMB 

10-5 

51 

fonate 






8 Hydroxyqumoline sul- 

2 X 10-5 

100 

it 

10-“ 

100 

fonate 






0 Phenanthroline 

5 X 10-5 

18 

Catalase 

2 5 units 

-1-20 

a,Q:-DipjTldyl 

5 X 10-5 

0 


per ml 



* Chel 330, cyclohe\ane-l,2-diaminetetraacetic acid 

t Chel 600, diethylenetiiaminepentaacetic acid Samples of Chel 330 and 600 
were generously supplied by Mr H Kroll of the Geigy Chemical Corporation, 
Providence, Rhode Island 

other hand, other chelating reagents, such as EDTA, KCN, etc , did not 
show any inhibition 

FI A Hydiolase 

Adaptive Behavior of Pseudomonas Cells — The oiganism, which was giown 
in the presence of ImAA, could oxidize ImAA as well as FA and aspartic 
acid without a lag period, but non-adapted cells showed a considerable 
adaptive lag befoie oxidation took place (2) Both of these compounds 
were therefore implicated as intermediates of ImAA metabolism How- 
ever, when oxygen uptake was deteimmed by a suspension of ImAA- 
adapted cells with FIA as a substrate, the late of oxidation vas lemark- 
ably low and theie was httle difference between ImAA-adapted cells and 
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cells grown with glucose and ammonium sulfate (Table IV) This low 
activity towards FIA, however, appears to be due to cell peimeabihty, 
smce, Avhen the cells were broken by grinding with aluinma and the ex- 
tracts were tested foi FIA-degradmg activity, extracts from non-adapted 
cells were practically inactive, whereas the specific activity of FIA hydro- 
lase from ImAA-adapted cells was even higher than that of ImAA oxidase 
under the conditions employed 


Table IV 

Adaptive Nature of Organism 

Experiment 1, each Warburg vessel contained, m 2 0 ml , 4 nmoles of substrate, 
100 nmoles of potassium phosphate buffer, pH 7 0, and about 1 0 mg of cell material 
The numbers represent the oxygen consumption during the first 30 minutes, cor- 
rected for endogenous oxidation expressed as microliters Experiment 2, extracts 
were assayed with the standard assay method The numbeis represent specific 
activities 


Substrate ' 

1 

1 

Cell suspension, Experiment 1 i 

1 

Extracts, Experiment 2 

ImAA adapted 

Non adapted 

ImAA adapted 

Non adapted 

ImAA 

FIA 

189 

6 

3 

1 

7 0 

31 0 

0 0 

0 0 

1 


Table V 

Purification of FIA Hydrolase 


Fraction No 

1 

Total units 

Specific activity 

1 

Crude extract 

3830 

31 

2 

Protamine supernatant 

3720 

40 

3 

Aluminum hydroxide gel eluate 

1420 

276 

4 

Calcium phosphate “ “ 

435 

615 


Purification of FIA Hydrolase — ^All operations were earned out at 0-3° 
Crude extracts were prepared as described above 
To 50 ml of crude extiact were added, with stirnng, 10 ml of a 1 pei 
cent protaimne solution (Eh Lilly and Company) After removal of the 
precipitate by centrifugation, cold water was added to the supernatant 
solution to make a total volume of 100 ml 

The protamine supernatant fraction (100 ml ) was treated with 10 ml 
of aluminum hydroxide gel Cy (18 3 mg of sohds per ml ) After 15 min- 
utes at 0°, the gel was collected by centrifugation and washed with 20 ml 
of 0 04 Ji potassium phosphate buffer, pH 7 0, and then the enzyme was 
eluted with 20 ml of 0 1 m potassium phosphate buffer, pH 7 2 (aluminum 
hydroxide gel eluate, Table V) 
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The alununum hj’-droxide gel eluate (20 ml ) was diluted to 200 ml with 
M'atei, and then 10 ml of calcium phosphate gel (16 5 mg of sohds per ml ) 
weie added slowlj’- -with stilling Aftei 15 minutes at 0°, the gel was 
washed with 10 ml of 0 02 m potassium phosphate buffer, pH 7 0, and then 
the enzjune as eluted with 10 ml of 0 05 m potassium phosphate buffer, 
pH 7 0 (calcium phosphate gel eluate) 

The aluminum hydroxide gel eluate retained almost aU the activity after 
being kept at — 15° for a month 

Isolation and Identification of FA — In order to obtam a sufficient amount 
of the product of FIA breakdown for positive identification, a large scale 
reaction was earned out vuth an incubation mixtuie contaimng 64 mg 
(400 jumoles) of FIA, 2 mmoles of Tris buffer, pH 9 0, and alummum hy- 
droxide gel eluate (900 umts) m a total volume of 20 ml At intervals 
during incubation at 25°, ahquots of the reaction mixture were taken out 
and, aftei proper dilution, assayed for FIA disappearance When FIA 
removal was complete (60 nunutes), the mcubation mixture was chiUed 
to 0°, the pH was adjusted to 3 0 with n HCl, and the precipitated protem 
was discarded after centrifugation The supernatant solution was then 
passed through a Dowex 50 (H+ form, 1 sq cm X 10 cm ) column 
The Dowex-treated solution was neutrahzed carefully and was sub- 
jected to ion exchange chromatography on a column of Dowex 1 acetate 
(1 sq cm X 10 cm ), and elution was carried out with 2 n acetic acid Ah- 
quots (0 1 ml ) were taken out from each fi action, mixed with 0 1 ml of 
2 N HCl, hydrolyzed at 100° for 10 nunutes, and then assayed by the re- 
duced mnhydnn procedure of Moore and Stem (17) as employed by Tabor 
and Mehler for the isolation and identification of foimylglutamic acid (8) 
The acid-labile ninhydnn-positive fraction was eluted from the column 
between 8 and 15 resin bed volumes of eluent, with a peak at 11 The 
combined fi action was lyophihzed and the residue was extracted with 
about 10 ml of ethanol Insoluble material was lemoved by centrifuga- 
tion, and the supernatant fluid was condensed to about 2 ml under re- 
duced pressure at a water bath temperature of 40-50° Several volumes 
of benzene were added, and about 40 mg of semicrystalhne material, m p 
132°, were obtained Recrystalhzation from hot acetone and benzene 
inelded 23 mg of crystalhne material 
The enzymatic product was identified as FA on the basis of the following 
criteria (1) identity of its infrared spectrum with that of the authentic 
compound (Fig 8) , (2) elementary analysis CsHtObN Calculated, 
C 37 27, H 4 37, N 8 70, found, C 37 44, H 4 34, N 8 54, (3) melting pomt 
of isolated FA, 135-137°, that of the authentic FA, 135-137°, mixed m p , 
135-137°, (4) identical chromatographic behavior on Dowex 1 and on 
paper 

Stoichiometry — Balance studies were made with C^Mabeled FIA as a 
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substrate The ^-carboxyl-labeled FIA was prepared enzymatically from 
C“-carboxyl-labeled ImAA The mcubation mixture (0 8 ml ), contain- 
ing 6 /imoles of FIA (2000 c p m ), 25 mmoles of Tris buffer, pH 9 0, and 
18 umts of enzyme (alummum hydroxide gel fraction), was incubated at 
25° At zero tune and after 10 and 20 minutes mcubation, ahquots weie 
removed and the amount of remammg FIA and ammoma was deterinmed 
as described under “Methods ” When the deproteimzed reaction mixture 



Fig 8 Infrared absorption spectra of synthetic and isolated FA were made with 
suspensions in Nujol with a Perkm-Elmer recording spectrophotometer We are 
indebted to Mr W Jones for the determination 


was chromatographed on paper, only one spot appealed as a pioduct of 
the reaction, which coi responded to FA m Rp values (Table II) The spot 
coriespondmg to FA was cut out, eluted with water, and radioactivity ivas 
counted As shown m Table VI, the results indicate that the over-all reac- 
tion was the stoichiometric hydrolysis of FIA to yield FA and ammoma 
Mechamsm of Reaction — The foUonong experiment demonstrated that 
the FA produced from FIA was not formed by a secondary reaction in- 
volving aspartic acid and formic acid FIA degradation was carried out 
in the presence of radioactive aspartic acid and, when more than 90 per 
cent of FIA was converted to FA, the reaction mixture was deprotemized 
and chromatographed on paper As shown in Fig 9, radioactmty m the 
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aspartic acid \\as not incoipoiated into FA at all, indicating that fiee as- 
paitic acid is not an inteimediate in the enzjniiatic foimation of FA from 


FIA 


Tvbld VI 

Balance Studies of FIA Ilydiolase 
The conditions ire is described in the text 


Incubation 

FIA 

NHj 

FA 

mitt 

flttiolc 

Htnoles 

nmoles 

10 

-2 76 



20 

-5 03 






Fig 9 FIA hydrolase reaction in the presence of labeled aspartic acid Incuba- 
tion mixture (0 6 ml ) contained 8 /nmoles of FIA, 100 /nmoles of Tris buffer, pH 9 0, 
0 8 nmole of l aspartic acid (24,000 c p m ), and 0 1 ml of aluminum hydroxide gel 
fraction At zero time (A) and after 30 minutes incubation at 26° (B ) , 0 3 ml aliquots 
"ere removed and deproteinized with 5 per cent perchloric acid To the supernatant 
fluid V as added 1 /nmole of L-aspartic acid as a carrier, and perchloiic acid m as neutral 
ized iMth KOH Aliquots (0 05 ml ) ^\ere applied to Whatman No 3 jMM paper, and 
the chromatograms V ere developed bj descending technique vith a solvent contain 
ing 70 parts of icr/-butanol, 15 parts of formic acid, and 15 paits i\ ater (7) for 8 hours 
The spots i\ere rendered visible and counted as described under “Methods ” 
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Prelmunaiy experiments have not yet pioduced any evidence for a folic 
acid type of cofactor in this degradation This, theiefore, appears to be 
different from the reported involvement of tetiahydiofohc acid in the deg- 
radation of formiminoglycine (18, 19) and formiminoglutamic acid (20, 21) 
by Clostndium cyhndrosporufn and rabbit liver, respectively No stimu- 
lation of FIA hydrolase was observed in crude extiacts of Pseudomonas or 
in the partially purified FIA hydrolase (with and without Dowex 1 foimate 
treatment) upon addition of C cyhndrosporum extiacts® or heat-inactivated 
crude extiacts of Pseudomonas (80°, 5 mmutes) 



50 70 90 110 

pH 


Fig 10 Rate of reaction as a function of pH Standard assay conditions, except 
that the following buffers were used acetate, pH 6 0, phosphate, pH 6 0, 7 0, Tris, 
pH 8 0, 9 0, carbonate, pH 10 0, 11 0 • , spontaneous decomposition, O, enzymatic 

degradation 

Specificity — ^FIA hydrolase appears to be a specific enzyme for FIA, 
since neither formimmoglutamic acid nor formrminoglycine was hydrolyzed 
at an appreciable rate The enzymatic hydrolysis of FIA was not in- 
hibited by the presence of eqmmolar concentrations of either formimmo- 
glutamic acid or foimiminoglycine 

Effect of pH and Substrate Concentration — Under the standard assay 
conditions, maximal rates were obtained at pH 9 0 (Fig 10) Above pH 
10 0 FIA was hydrolyzed spontaneously at a slow rate About 8 per cent 
was decomposed in 15 minutes at 25°, pH 110 

The rate of enzymatic hydrolysis as a function of substiate concentra- 
tion is shown in Fig 11 The K, value as determined by the Linen eaver- 

’ Kindly furnished by Dr J C Rabinowitz 
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Burk plot (22) was found to be appioximately 2 6 X m under these 
conditions 

Effect of J?!/nbifo?s— Undei standaid assay conditions, the follomng 
compounds did not show any inhibition KCN (0 04 m), KF (0 1m), and 
EDTA (0 025 m) p-Chloiomeicuiibenzoate (0 00025 m) showed 25 per 
cent inhibition AAOien the enzyme was incubated with 0 05 m EDTA over- 
mght at 0° and then tested foi activity, no inhibition was obseived as com- 
pared to the enzyme tieated in the same way but without EDTA 



0004 0016 

FIA (M) 


30 


2.0 w 
< 


10 


Dg 11 Rate of reaction as a function of substrate concentration (•) Standard 
assay conditions fO) Lineiv eaver-Burk plot of s/v veisiis substrate concentration 


' DISCUSSION 

The evidence piesented in this paper estabhshes the identity of the en- 
zymatically produced compound m the ImAA degiadation by Pseudomonas 
enzyme with synthetic FIA The natural occurrence of foimimino deriva- 
tives of glutamic acid and glycine and their metabolism has recently been 
reported fiom several laboratones Foimiminoglutamic acid (8, 23, 24) 
has been synthesized and found to be an inteimediate in the enzymatic 
degradation of histidine by mammalian liver piepaiations and by histidine- 
adapted Pseudomonas extracts The conversion of FIA to EA and ammo- 
nia reported here appears similar to the degradation of foimiminoglutamic 
acid to formylglutamic acid and ammonia in histidme-adapted Pseudo- 
monas preparations (8) Other reported pathways for the metabolism of 
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foimirmno compounds are the conversion of formumnoglutamic acid to 
formamide and glutamic acid in extiacts of Aerobacter aerogenes (25) and 
Clostridium tetanomorphum (26) and the conversion of fomuminoglycine to 
glycme, formate, and ammoma by a partially puiified enzyme preparation 
fiom C cylindrosporum (6) Moie recently there has been recorded the 
conversion of foimiminoglycine and formumnoglutamic acid to 5-formi- 
minotetrahydrofohc acid and the coriespondmg ammo acids m extracts 
of C tetanomorphum (27) and rabbit hvei (21), respectively 
The nature of ImAA oxidase as well as the mechamsm of the reaction 
lemains unclaiified As previously leported (1, 2), disappeaiance of 
ImAA fiom the incubation mixture and the oxudation of DPNH in the 
presence of ImAA are dependent on the presence of both DPNH and oxy- 
gen When the complete system was incubated first aerobically without 
DPNH and then anaeiobically in the presence of DPNH, no oxidation of 
DPNH was observed, the reaction took place immediately after air was 
introduced to the reaction vessels Anaerobic incubation of the complete 
system did not yield any evidence for the disappearance of ImAA as de- 
termined by a diazo reaction (3) or by ion exchange chromatography 
Throughout extensive purification of the enzyme, no evidence was obtained 
for the presence of more than one piotem fraction for this activity 
Simultaneous requirement for reduced pyridine nucleotides and oxygen 
for certain aerobic leactions has been observed m other instances Thus, 
in the case of phenylalanine hydroxylase, both DPNH and oxygen were 
lequired foi the conveision of phenylalamne to tyiosine (28) TPNH and 
oxygen were both lequiied foi oxidative reactions vnth vaiious drugs (29, 
30), as well as hydioxylation of steroids (31) and kynuremne (32, 33) It 
IS possible that leduced pyiidme nucleotides are oxidized to geneiate H 2 O 2 
or some form of peroxide on the enzyme surface, which is then utihzed for 
the oxidative reactions In fact, photolysis of ImAA by ultraviolet light 
was shown to pioduce aspartic acid and formic acid by non-enzymatic 
reactions m which H 2 O 2 seems to be involved (34) However, this intei- 
pretation is lendeied less likely, since theie is no measurable DPNH oxidase 
in the purified prepaiation and glucose and notatm could not replace 
DPNH Furtheimoie, the addition of a laige amount of catalase or cata- 
lase mth ethanol did not cause any inhibition 

Piehmmaiy experiments^ with O 2 * and H 2 O'® indicate that oxygen is 
directly incorporated from atmospheric oxygen into the carboxyl group 
of FA and suggest that the primary attack may possibly occur on the C 4 
position of ImAA similar to hydioxylation of aromatic compounds The 
resulting compound, imidazoloneacetic acid, may be either enzymatically 
01 spontaneously hydrolyzed to FIA as shown in the accompanying dia- 
giam 

^"Unpublished results by 0 Hayaishi, S Rothberg, and H Tabor 
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The enzyme is therefore an oxygenase and utdizes molecular oxygen for 
enzymatic oxygenation (35) 


SOTIMARY 

1 A compound was isolated from the aerobic mcubation mixture con- 
taimng /3-(imidazolyl-4(5))-acetic acid (ImAA), reduced diphosphopyndme 
nucleotide, and a partially purified enzyme preparation fiom ImAA-giown 
Pseudomonas This compound was identical with synthetic iV-fonnimmo- 
aspartic acid (FIA) with respect to the infrared spectra, elementary analy- 
sis, the spectrum of color reaction with alkahne ferncyamde-mtroprusside 
reagent, and Rf values on paper chromatograms 

2 The enzyme, referred to as ImAA oxidase, was puiified about 200- 
fold Prelimmary results mdicate that it is an oxygenase and utilizes 
molecular oxygen foi enzymatic oxygenation of ImAA in the presence of 
reduced diphosphopyridme nucleotide 

3 An enzyme which catalyzes hydrolytic cleavage of FIA to produce 
formylaspartic acid (FA) and ammoma was partially purified from extracts 
of Pseudomonas sp , which was grown on ImAA as a majoi carbon and 
mtrogen source The product of the enzymatic reaction was isolated in 
crystalhne form and identified as FA by infrared spectia, elementary anal- 
ysis, and chromatographic behavior on papei and Dowex columns The 
properties of the enzyme have been described 

It IS a pleasure to acknowledge the techmcal assistance of James K 
Marshall All the microanalyses were made under the super\osion of 
Dr W C Alford 
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ENZYMATIC CONVERSION OF FORMYLASPARTIC ACID 
TO ASPARTIC ACID* 

B\ EINOSUKE OHMUIlAt ^.nd OSAMU HAYAISHI 

{From the Department of Mierohiology, Washington University School of Medicine, 
St Louis, Missouri, and the A^ational Institute of Arthritis and Metabolic 
Diseases, National Institutes of Health, Bethesda, Maryland) 

(Received for publication, January 2, 1957) 

In pietaous investigations imidazoleacetic acid was shown to be quanti- 
tativelj'^ converted to foimylaspaitic acid by a partially puiified enzyme 
piepaiation obtained fiom Pseudomonas sp that requiies DPNH^ and 
oxygen (2, 3) An inteimediate in this piocess was isolated from the meu- 
bation imxtuie vith highly puiified enzyme pieparations and was charac- 
teiized as V-foimimmo-L-aspaitic acid (4) Enzymatic hydrolysis of N- 
foimiminoaspaitic acid to yield formylaspaitic acid and ammoma was 
catalyzed by a specific enziTOe, FIA hydiolase In all of these previous 
studies vuth ciude extracts and purified enzyme preparations, FA was 
accumulated as an end product in a stoichiometiic quantity, and forma- 
tion of free aspartic acid was not detectable even after prolonged incubation 

The purpose of this paper is to piesent evidence for the further degrada- 
tion of FA to aspartic acid and formic acid by a specific enzyme, formyl- 
aspartic foimylase, which is active only in the piesence of Fe++ or Co++ 

EXPEKIMENTAL 

The source of ImAA and FA was previously desciibed (4) Formyl- 
glutamic acid was synthesized according to Tabor and Mehler (5) For- 
myl-DL-leucme was prepared by the method of Fruton and Claike (6) 
Acetyl-DL-methiomne and acetyl-L-glutamic acid were pioducts of the 
Nutritional Biochemicals Corporation Chloroacetyl-L-aspartic acid was 
prepared by the method of Price et al (7) Formylanthramhc acid and 
formylkynuremne were kindly furnished by Dr R Y Stamer and Dr T 
Sakan, respectively Pseudomonas sp (ATCC 1 1299B) was used through- 
out this investigation 

* Part of this investigation was supported by grants-in-aid from the National 
Institutes of Health (No G-3727) A preliminary report of this work was presented 
at the 55th general meeting of the Society of American Bacteriologists at New York 
in May, 1955 (1) 

t Present address, Takeda Research Laboratory, Osaka, Japan 

^ The following abbreviations are used throughout the paper ImAA, ^-(imidazolyl- 
‘l(5))acetic acid, FIA, N-formiminoaspartic acid, FA, formjdaspartic acid, Tris, 
tris (hydroxymethyl) aminomethane, DPN, diphosphopyridine nucleotide, DPNH, 
reduced DPN 
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Enzymahc Assay — Deteimmation of amino acids was carried out by a 
mnhydnn method of Moore and Stem (8), except that citiate buffer at 
pH 6 2 was used instead of at pH 5 0 m older to prevent spontaneous hy- 
diolysis of labile acylammo acids The standard assay system (1 0 ml) 
contamed 10 jumoles of substrate, 10 /imoles of Tris buffer, pH 7 0, enzyme, 
and 1 yumole of metal ions as indicated in each expeiiment After 30 min- 
utes incubation at 37°, an aliquot (0 3 ml ) was lemoved fiom the reaction 
mixture and was added to 0 2 ml of 12 per cent cold trichloroacetic acid 
The mixtuie was then centrifuged at 12,600 X fir at 0°, and 0 2 ml of the 
supernatant solution was neutralized ivith 1 0 n KOH in an ice bath The 
total volume was made to 1 0 ml and was used foi the mnhydnn method 

1 unit of enzyme is defined as that amount which hydrolyzes 1 jumole of 
FA per houi under standaid assay conditions, and specific activity is ex- 
piessed as units per mg of protein Protein was assayed by the phenol 
method of Lowiy et al (9) Aspartic acid was determmed by the enzy- 
matic method of Meistei et al (10), and formic acid was measured by a 
manometnc pioceduie (11) 

Results 

Adaptive Nature of Enzymes Splitting FA — In oidei to study the adap- 
tive response of the oiganism to various substrates in the growth medium. 
Pseudomonas cells were grown m the following thiee media (a) ImAA me- 
dium, (6) histidine medium, which, lespectively, contamed ImAA and 
histidine as major souices of carbon and nitrogen (4, 12), and (c) a medium 
contammg 0 1 per cent malic acid, 0 1 pei cent (NH 4 ) 2 S 04 , 0 1 per cent 
Difco yeast extract, 0 15 per cent K2HPO4, 0 05 per cent KH2PO4, and 
0 02 pel cent MgS 04 7 H 2 O at pH 7 0 

The activity of extracts of the cells (4) was tested with FA as a substiate 
with the standaid assay system As before, none of these extracts showed 
appreciable activity when tested vnthout addition of metal 10 ns This is 
also consistent mth the obseivation by Tabor and Mehler that extiacts 
from histidine-adapted Pseudomonas did not degrade FA (5) Upon addi- 
tion of various metal 10 ns to the incubation imxtuie, the presence of 0 001 m 
C 0 CI 2 was found to stimulate the activity of all thiee extracts A moie 
than 10-fold increase was observed with extracts of histidine-giown cells 
or ImAA-giovm cells Extracts of malate-grown cells also showed con- 
sideiable activity in the piesence of Co"*^ (Table I) In contrast to co- 
baltous ion, howevei, addition of ferious ion stimulated the activity of 
extracts fiom ImAA-giown cells only, suggesting the piesence of a specific 
adaptive enzyme in the ImAA-grown cells 

Since these results indicated the presence of diffeient foimjdases m ex- 
tiacts of IniAA-growm cells and histidme-giown cells, purification of the 
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two actiMties A\as caiiieci out with dilTeient assay pioceduies, the assay 
of FA foimjdase fiom histidine-adaptcd cells was perfoimed in the pies- 
ence of Co++, and that of ImAA-giown cells was earned out in the piesence 
of Fe++ 

Piaificatwn of For mylaspat tic Fonnylase Jiom Exhacts of ImAA-Grown 
Celh {Fonnylase I) — Foi each 33 ml of ciude extiact 9 1 ml of a 1 per cent 

Tablu I 

Idaphvc Nahoc of Organism 

The incubation mixture (1 0 ml ) contained 0 1 ml of crude extracts (0 5 mg of 
protein), 10 pmolcs of formylaspartic acid, 20/izmoles of Tris buffei, pH 7 0, 2;umoles 
of cobaltous ions ns CoCl», or ferrous ions as FeSOj as indicated Incubation was 
for 1 hour at 37° The numbers represent specific activities 


Addition 

Medium 

violate 

Histidine 

ImAA 

None 

0 5 

0 4 

0 7 

Co++ 

2 6 

6 3 


Fe++ 

0 5 

0 4 

5 2 


Table II 

Purification of Fonnylase I from ImAA-Adapled Cells 


Standard assay system with 1 ^^mole of FeS04 


Enzjme 

Specific 

activity 

Total 

activity 

Total yield 


units per mg 
protein 

units 

per cent 

Crude extract 

5 1 

188 

100 

Protamine fraction 

7 

143 

76 

Fraction I (30^0% (NH^ljSOi) 

8 

16 

8 5 

“ II (40-50% (NHilzSO^) 

44 

58 

31 

“ III (50-70% (NH4)2S04) 

15 

12 

6 5 

Aluminum hydroxide gel fraction 

99 

24 

18 


solution of protamine sulfate (Eh Lilly and Company) were added After 
15 mmutes at 0°, the precipitate was centiifuged, and foi each 40 ml of 
the supernatant solution 8 4 gm of (NH4)2S04 weie added After 30 mm- 
utes at 0°, the precipitate ivas centiifuged and 2 8 gm of (NH4)2S04 were 
added to the supernatant fluid The precipitate was collected by centnfu- 
gation and dissolved m 0 02 m phosphate buffer, pH 7 1 (Fraction I, Table 
H) To the supernatant solution 2 8 gm of (NH4)2S04 were added The 
precipitate was collected by centiifugation and dissolved m the same buffei 
(Fraction II) 5 6 gm of (NH4)2S04were added to the supernatant flmd 
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The piecipitate was collected by centrifugation and dissolved in 0 02 m 
phosphate buffer, pH 7 0 (Fraction III) Each fi action was dialyzed 
against distilled water at 5“ foi 10 hours 2 0 ml of aluminum hydi oxide 
gel (18 5 mg of sohds pei ml ) iveie centiifuged, and 10 ml of dialyzed 
fi action II weie added to the sermsohd gel The imxtuie was stiried for 
about 20 mmutes at 0° After centrifugation, the gel was eluted with 5 0 
ml of 0 04 M phosphate buffer, pH 7 1, for about 15 mmutes at 0°, and 
centrifuged The enzyme was diatyzed against cold distilled water for 
4 horns 

PunjkaUon of Formylasparlic Formylase from Histidme-Grown Cells 
{Formylase II ) — To 160 ml of crude extiact were added 40 ml of a 1 per 

Table III 


Purification of Formylase II from Histidine- Adapted Culture 
Standard assay sjstem ivith 1 /iimole of CoCh 


Enzyme 

Specific 

activity 

Total 

activity 

Total yield 


units ptr mg 
protein 

units 

per cent 

Crude extract 

5 1 

250 

100 

Protamine fraction 

10 6 

240 

96 

Fraction I (35-45% (NH 4 )=SO,) 1 

7 5 

11 

4 4 

“ II (45-65% (NHiljSOi) 

6 

13 

5 2 

“ III (55-65% (NH,)2S04) 

31 6 

62 

26 0 

“ IV (65-80% (NHilaSOi) 

44 0 

ST 

S6 0 

Acetone fraction 

62 

117 

47 7 

Aluminum hydroxide gel fraction 

350 

100 

40 4 


cent protamine solution (Eh Lilly and Company) After 15 minutes at 
0°, the piecipitate was lemoved by centrifugation To 200 ml of the 
supernatant solution were added 48 8 gm of (NH4)2S04 Aftei 30 min- 
utes at 0°, the piecipitate was centrifuged (Fraction I, Table III), and 
14 0 gm of (NH4)2S04 were added to the supernatant fluid The precipi- 
tate was collected by centiifugation (Fraction II) To the supernatant 
solution, 14 gm of (NH4) 2SO4 wei e added After 30 mmutes, the precipitate 
was collected (Fi action III) To the supernatant fluid, 140 gm of 
(NH4)2S04 were added Aftei 15 minutes, the precipitate was collected 
(Fraction IV) 

Each fraction collected by centrifugation was dissolved m 20 ml of 
0 02 u phosphate buffer, pH 7 0 In contrast to formylase I, Fractions 
III and IV (Table III) which were piecipitated between 55 and 80 per cent 
saturation of ammonium sulfate contamed most of the activity, whereas 
only a small amount of activity wms detected m Fractions I and II 
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Fractions III and IV weie combined and dialyzed against cold distiUed 
water for 6 liouis To 18 ml of the dialyzed enzyme solution were added 
2 ml of 1 M sodium acetate, and then 10 7 ml of acetone weie added drop- 
■nase iMth mechanical stilling at —10° Aftei standing for 5 minutes, the 
piecipitate was lemoved by centiifugation, and 5 3 ml of acetone were 
added to the supernatant fluid in a similar mannei After 5 minutes at 
— 10°, the piecipitate was collected by centiifugation and dissolved m 5 
ml of cold watei (acetone fraction) 

2 5 ml of aluminum hj'^droxide gel were centiifuged, 10 ml of acetone 
fraction were added to the semisohd gel, and the stirred mixture was left 

Table IV 

Substrate Specificity of Formylases I and II 
Formylase I (0 08 mg of protein) or formylase II (0 02 mg of protein), 10 /imoles 
of substrate, 10 /xmoles of Tris buffer, pH 7 2, 2 pmoles of Co++, or 1 ^mole of Fe++ 
as indicated, in a total volume of 1 0 ml Incubation was for 30 minutes at 37“ 
The numbers represent micromoles of substrate decomposed per hour per mg of 
protein 


Enzyme 

Metal 

FA 

Chloro 
acetyl L- 
aspartic 
acid 

Formylglu- 
tamic acid 

Acetyl-t- 

glutamic 

acid 

Formylase I 

None 

32 

0 

5 

0 


Fe-H- 

100 

0 

9 

0 


Co++ 

51 

92 

8 

7 

Formylase II 

None 

26 

0 

340 



Fe++ 

6 

0 

350 



Co++ 

330 

250 

350 



at 0° for about 20 minutes After centrifugation, the supernatant solution 
■Was discarded The gel was washed once with 5 0 ml of 0 04 m phosphate 
buffer, pH 7 1, and then eluted ivith 5 0 ml of 0 2 m phosphate buffer, pH 
7 0 The enzyme preparation was dialyzed against cold distilled water 
for 4 to 6 hours before testmg, since phosphate buffer bmds metal ions, 
particularly ferrous ions 

Metal Requirement and Substrate Specificity of Formylases I and II — ^A 
partially purified preparation of formylase I appeared to be specific for 
J'A The activity towards FA was stimulated by the addition of ferrous 
ions and also by cobaltous ions to a lesser extent Formyl- and acetyl- 
glutamic acids were only shghtly metabohzed by this pieparation (Ta- 
ble F\0 

On the other hand, the purified formylase II preparation showed much 
higher activity towards formyl- and acetylglutamic acids, and the activity 
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Co'^’^ (-log M) Fe'^'*' (-log M) 

Pig 1 Fig 2 

Fig 1 Activity of forniylases I and II with varying concentration of cobaltous 
ions Formylase I (0 08 mg of protein) or formylase II (0 02 mg of protein), 10 
jumoles of FA, 10 /nmoles of Tris buffer, pH 7 4, the amount of C 0 CI 2 as indicated, in a 
total volume of 1 0 ml Incubation was for 30 minutes at 37° • , formylase I, 

O , formylase II 

Fig 2 Activity of formylases I and II with varying concentration of Fe’^^ions 
Formylase I (0 08 mg of protein) or formylase II (0 02 mg of protein), 10 /nmoles of 
FA, 10 /umoles of Tris buffer, pH 7 4, varying concentrations of ferrous 10 ns (FeSOi - 
7 H 2 O), in a total volume of 1 0 ml Incubation was for 30 minutes at 37° •, formy- 
lase I, O, formylase II 


Table V 

Products of Reaction 

The incubation mixture (2.0 ml ) contained formylase I (0 89 mg of protein), 
100 /nmoles of FA, 50 /nmoles of Tris buffer, pH 7 5, 1 /nmole of Pe"*^, and 1 /nmole of 
sodium ascorbate * Incubation was for 5 hours at 37° The incubation mixture 
for formylase II contained, in 2 0 ml , 100 /nmoles of FA, 5 /nmoles of Co++, enzyme 
(0 6 mg of protein) , 50 /umoles of Tris buffer, pH 7 5 Incubation was for 6 hours 
at 37° 


Formylase 

-A FAt 

A aspartic acidt 

A formic acid 


nmoles 

nmoles I 

fitnoles 

I 

90 0 


86 5 

II 

96 2 

96 0 

92 0 


* Sodium ascorbate was added in order to keep ferrous ions in reduced form 
t Ninhydrm assay 
f Enzymatic assay 
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Fig 3 Effects on the reaction rate of varying concentrations of FA A, incuba- 
tion mixture (1 0 ml ) contained formylase I (0 06 mg ), 1 /^mole of FeS 04 , 10 jumoles 
of Tris buffer, pH 7 5, and FA as indicated Incubation was for 30 minutes at 37° 
B, incubation mixture (1 0 ml ) contained 0 04 mg of formylase II, 1 /imole of C 0 CI 2 , 
10 amoles of Tris buffer, pH 7 5, and FA as indicated Incubation was for 30 min- 
utes at 37° 



Fig 4 Rate of the reaction as a function of pH Formylase I (0 08 mg of protein) 
or formylase II (0 02 mg of protein), 10 fimoles of FA, 10 /tmoles of Tris buffer, pH 
7 5 to 8 6, or 10 ^imoles of acetate buffer, pH 5 0 to 6 5, 1 /imole of Fe"*^ with formylase 
I or 2 /imoles of Co++ with formylase II Incubation was for 30 minutes at 37° • , 

formjlase I, O, formylase II 
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towards FA was stimulated by the addition of Co++ but was suppressed 
in the presence of Fe++ 

Both enzymes had some activity towards chloroacetylaspartic acid m 
the presence of cobaltous ions, but acetyhnethiomne, formylleucme, formyl- 
kynuremne, and foimylanthranihc acid were all inert 
The activity of the formylases as a function of cobaltous ion concentra- 
tion IS shown m Fig 1 

The optimal concentration of Co++ for formylase I was approxunately 
10“^ M, while that for formylase II is around 10“* m 
Fig 2 shows the response of the two enzymes towards ferrous ions For- 
mylase II IS increasmgly inhibited by ferrous ions as the concentration 
increases above 10~® m In contrast, formylase I shows marked stimulation 
and the optimal concentration hes around 10~^ M 
Mn++ ions (10~® m) stimulated formylase II approximately 150 per cent 
but faded to affect formylase I activity at 10“® or 10“^ m Cd++, Zn"^, 
and Ni++ were all meffective 

Prod/acts of Reachon — Table V shows that both formylase I and formylase 
II catalyze the simple hydrolysis of FA and that eqmvalent amounts of 
L-aspartic acid and forimc acid were produced from formyl-L-aspartic acid 
Effects of Substrate Concentration and pH on Reaction Rate — The effects 
on the reaction rate of varymg concentrations of FA are shown in Fig 3 
Km values are calculated from these data to be 1 32 X 10~^ m and 1 25 X 
10“® M for f 01 myiases I and II, respectively The optimal pH of foimylase 
I IS approximately 7 0, whde that of formylase II is around pH 8 0 (Fig 4) 

DISCUSSION 

It may be concluded from these and previous studies (2-4) that the 
metabohc pathway of ImAA m Pseudomonas involves the accompanying 
reactions 

(1) ImAA -f- DPNH + H+ Oj FIA + DPN 

(2) FIA + HjO FA + NHs 

(3) FA + H 2 O — » aspartic acid -1- formic acid 

A specific formylase, which was purified from ImAA-grown ceUs of Pseu- 
domonas, catalyzes the hydrolysis of FA in the presence of Fe++ or Co"^ 
(Reaction 3) It also acts upon chloroacetylaspartic acid in the presence 
of Co"^, but formyl and acetyl derivatives of other anuno acids were not 
metabohzed This enzyme is referred to as formylaspartic formylase 
Another enzyme, tentatively designated formylase II, was punfied from 
histidme-grown cells of Pseudomonas Although this enzyme is able to 
catalyze hydrolysis of FA in the presence of cobaltous ions, it exhibits 
much higher activity towards acyl derivatives of glutanuc acid and is prob- 
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ablj’^ identical A\nth the eiizjnne descnbed by Taboi and Mehlei (5) More 
lecently Kato el al (13) descnbed a similai enzyme fiom Pseudomonas 
and named it foimylglutamic defoimylase 
The evidence piesented in this paper shows that these two enzymes, 
both of which lij’^dioli’^ze FA undei ceitain conditions, exhibit diffeient 
substrate specificities, metal lequiiemcnts, and physicochemical pioperties 
Both enzymes diffei fiom hitherto knovm acylases, such as acylases I 
and II, which veie isolated from animal cells by Rao and his collaboiators 
(14) and weie shown to exhibit much less substrate specificity They 
differ also fiom foimylkynuiemne foimylase pieviously reported by Mehler 
and ICnox (15) and by Haj’^aishi and Stanier (16) 

Recent studies on adaptive enzyme foimation have shown that a single 
actmty can be elicited bj'’ a large A'^aiiety of induceis of related chemical 
stnictuie Foi example, /3-D-galactosidase of Escherichia coli could be 
induced by various compounds having the jS-galactoside hnkage (17) In 
such studies the induced activity is usually detei mined with intact cells, 
with toluene-treated cells, oi mth crude extracts With these techmques 
alone it is not alwaj'^s clear whether all the induceis evoke the formation 
of the same enzyme or whether different enzymes with a common activity 
are formed in response to different inducers 
In the present work the use of more refined enzymological techniques 
has uncovered an instance of the latter type Foimylases I and II aie 
formed by the same type of cell in response to diffeient inducers and have 
in common the abihty to degrade FA into formic and aspartic acids Yet 
they are distmct enzymes which exhibit different substrate specificities, 
metal cofactor requirements, and physicochemical properties 

SUMMAHT 

1 The metabolism of foimylaspartic acid was studied with partially 
purified enzyme pieparations obtained from /3-(imidazolyl-4(5))acetic 
acid (IniAA)-grown cells and histidme-grown cells of Pseudomonas 

2 The two kmds of cells yielded two different enzymes, both of which 
catalyze the hydrolysis of formylaspartic acid to yield formic acid and 
aspartic acid 

3 Formylaspartic acid formylase, which was obtained fiom ImAA- 
grown cells, is more specific and is stimulated by Fe++ and, to a lesser ex- 
tent, by Co++ Anothei formylase prepared from histidine-grovTi cells 
could hydrolyze acyl derivatives of aspaitic as well as of glutamic acid, 
and its activity towards formylaspartic acid was stimulated only in the 
presence of Co++ ions 

4 Possible unphcations of these findings with regard to adaptive en- 
zyme studies were discussed 
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STUDIES ON THE PROPERTIES OF THREONINE 
ALDOLASES'^ 

Bi MAin IN A KARASEKtt and DAVID M GREENBERG 

(/ rom the Dcpailiiicut of Physiological Chcimslry, Umvcisity 
of California School of Medicine, Beikclcy, California) 

(Received foi publication, December 18, 1056) 

Biaunshtein and 'N^’ilenlvina (2), in studies on the foimation of glycine 
fiom seiine, thieonine, and other hydiovy amino acids m animal tissues, 
leported the piesence of an enzyme Avhich foimed acetaldehyde and gly- 
cine fiom threonine and allotlneomne In subsequent work by Lm and 
Greenberg (3) it was shonm that allothreonme is decomposed about twenty 
tmies fastei than thieonine in crude homogenates, that equimolai amounts 
of acetaldehj'^de and glycine aie formed fiom threonine and allothreonme, 
and that the n isomeis aie not decomposed More recently Gilbeit (4) 
found threonine to be synthesized from acetaldeh 3 '-de and glycine upon 
incubation with a soluble cell-fiee lat hvei enzyme 
In the present work evidence has been obtained that allothieomne and 
threonine aie attacked by separate enzymes A method for the prepara- 
tion of the enzymes has been developed and a study has been made of 
some of then properties 

Because of the close analogy of the enzymatic reactions to aldol conden- 
sations, the enzyme which catalyzes the decomposition of threomne will 
contmue to be ref ei red to as threomne aldolase, and that which catalyzes 
the decomposition of allothreonme as allothreomne aldolase 

Matenals and Methods 

DL-Threomne, 0 5m (Schwaiz Laboratories, Inc , allo-free), adjusted to 
pH 7 6 with NaOH and stored in the cold 
DL- Allothreomne, 0 5m (Nutiitional Biocheimcals Coiporation), pre- 
pared as above 

Pyndoxal -phosphate, 10“^ m (Cahforma Foundation foi Biochemical Re- 
search), dissolved in distilled water and stored frozen 

* Aided by research grants from the National Cancer Institute (Nos 327 and 
2327) and the Cancer Research Funds of the University of California 

t Prepared from a thesis for the degree of Doctor of Philosophy submitted by 
Marvin A Karasek to the Graduate Division, University of California, September, 
1956 An abstract of the work has been published (1) hlicrofilm or photostatic 
copies can be secured on order from the University of California Library 

t Predoctoral Fellow of the National Institutes of Health, 1955-56 Present 
address, Scripps Clinic and Research Foundation, La Jolla, California 
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Acetaldehyde, 0 2m (Eastman Kodak Company), prepared by dissolving 
1 13 ml of redistilled acetaldehyde in 100 ml of distiUed water 
Periodate leagent, 0 5 m (G Frederick Smith Chemical Company), dis- 
solved m distdled water and prepared fresh each week 

Semicarbazide reagent, 0 1876 gm of semicarbazide hydrochloride (East- 
man Kodak Company), dissolved m 250 ml of 0 16 m phosphate buflfei, 
pH 7 0 


Enzyme Assay Methods 

Method I Acetaldehyde Determination — The reaction was cained out in 
the modified, all-glass Conway diffusion cells described by Lm and Green- 
berg (3), and the acetaldehyde was determmed by the method of Burbndge 
et at (5) 

3 0 ml of semicarbazide reagent were carefully pipetted into the central 
well of the diffusion cell The test solutions pipetted into the outer well 
were 0 1 ml of 10“^ M pyndoxal phosphate,^ 0 25 ml of DL-threomne or 
DL-allothreomne solutions, and 1 65 ml of 10“® M phosphate buffer, pH 
7 6 At zero time, 0 5 ml of properly diluted enzyme solution was added 
to the outei well, the ground glass stopper was inserted, and the cells were 
incubated in a Dubnoff shakmg mcubator for 30 minutes To stop the 
reaction, the flasks were placed in a water bath at 80-90° for 2 mmutes 
They were then returned to the shaking apparatus for 90 mmutes to com- 
plete the diffusion of the acetaldehyde 

To determme the quantity of acetaldehyde produced, 2 0 ml of the 
semicarbazide solution were removed from the central well and diluted to 
10 0 ml with distilled water The optical density of this solution was 
measured at 224 m^i in a Beckman DU spectrophotometer m a 1 0 cm 
cell The blank solution consisted of 2 0 ml of the semicaibazide reagent 
diluted to 10 0 ml with distdled water, the control flasks contamed aU the 
reaction components except the substrate The pioduction of acetalde- 
hyde was proportional to the amount of enzyme at values below 10 /jmoles 
(see Fig 1) 

Method II Determination of Formed Threonine — In this assay procedure 
the reaction was carried out m 2 1 ml dram vials fitted with a 2 mm poly- 
ethylene seal A standard screw cap was placed over the polyethylene 
seal to hold it in place and to produce an air-tight closure AU the solu- 
tions were added to or removed from the vials wnth a hypodermic syringe 
The reaction medium consisted of 0 2 ml of acetaldehyde, 0 25 nd of gly- 
cme, and phosphate buffer to give a total volume of 2 1 ml after the addi- 

1 The abbreviations used are PLP, pyridoxal phosphate, PCMB, p-chloromercun- 
benzoate, BAL, dithiopropanol, EDTA, ethylenediaminetetraacetic acid, ATP, 
adenosine triphosphate 
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tiou of the enzyme At zeio time, 0 5 ml of properly diluted enzyme 
solution was added, together with a glass bead, and the vials were sealed 
with the polyethylene disk The vials were then placed horizontally in 
a Dubnoff metabolic shaking incubator and incubated for 30 minutes To 
stop the reaction, the contents of the vials were rapidly transferred to cen- 
trifuge tubes wluch contained 0 5 ml of 10 per cent trichloroacetic acid 
The tubes were then heated in a metal heatmg block at 90° for 30 mmutes 
to remove substrate acetaldehyde which would interfere with subsequent 
threonine and allothieomne deteiminations The piotem was removed 



Fig 1 Formation of acetaldehyde as a function of the enzyme concentration 

by centrifugation, and the supernatant fluid was diluted to 10 0 ml with 
distilled water 

The threomne and allothreomne present were determmed by cleavage 
With penodate and the acetaldehyde hbeiated The acetaldehyde could 
be determmed as in Method I by diffusion However, a more rapid pro- 
cedure was developed by determinmg the acetaldehyde colomnetrically 
With 2,4-dimtrophenylhydrazme 

To carry out the deterrmnation, a smtable ahquot of the mcubation 
mixture was placed in a 10 ml volumetnc flask, and the pH was adjusted 
to the end pomt of methyl red with 6 M NaOH, 0 15 ml of 0 5 m penodic 
acid was added, the flasks were stoppered, and the reaction was allowed to 
go to completion (5 mmutes) To remove the excess of penodic acid, a 
saturated solution of SnCU m 2 n HCl was added until a clear, colorless 
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solution was obtained 0 1 ml of a saturated solution of 2,4-dmitro- 
phenylliydiazuie m 2 n HCl was next added to form the h^’^drazone Aftei 
5 minutes standing, 2 0 ml of 95 per cent ethanol were added to prevent 
crystalhzation of the hydrazone, and the color was developed by diluting 
the mixtuie to 10 ml with 2 5 n NaOH The optical density of the result- 
ing solution was measured iii exactly 15 minutes ivith a Beckman model B 
spectrophotometer at 515 m/n The intensity of the color produced was 
proportional to the thieonme oi allothieonine concentiation between 0 10 
and 1 0 ,umole (Fig 2) 



Fig 2 Proportionality between threonine and allothreomne concentrations and 
optical density in Method II by the determination of formed threonine 


Enzyme Solutions — The enzyme solutions for assay were diluted mth 
cold phosphate buffer to contain 10 to 50 mg of protein, depending on the 
activity 

Enzyme Unit — ^An enzyme umt was defined as the quantity of enzyme 
which produced 1 0 jamole of acetaldehyde or glycine in 0 5 hour, at 37° 
The specific activity was defined as the enzyme umts per optical density 
umt of protem 

Protein Determination — Protein was determined by the ultraviolet ab- 
sorption at 278 mp m a 1 0 cm cuvette (6) The extinction coefficient 
readings were converted to mg of dry protem by multiplying by the factor 
1 10 This value was obtained by analysis of dialyzed, lyophilized enzyme 
preparations 
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Resiilh 

Distnbuhon of Enzyme Activity — A compaiison of the enzyme activity 
111 cmde homogenates of the livei and kidney of a numbei of mammahan 

Table I 

Companson of Specific Activities and Activation with PLP of Threonine 
and Ulothrcomnc Aldolase of Various Tissues 
Reiction components 1 0 ml of tissue homogenates, 125 /imoles of DL-threonine 
or DL-allothreonme, 0 1 m phosphate buffer, pH 7 6, to give a volume of 2 5 ml per 
flask 


Enz> me source 

Substrate 

PLP 

Enzyme activity, 
specific activity 

X 100 

Beef liver 

Threonine 

1 

0 02 


et 

+ 

0 02 


Allothreonine 

— 

2 6 


i( 

+ 

4 5 

Rabbit liver 

Threonine 

— 

0 25 


It 

+ 

0 25 


Allothreomne 

— 

3 8 



+ 

5 2 

“ kidnej" 

Threonine 


0 0 


tt 

+ 

0 0 


Allothreomne 


0 45 


tt 

+ 

1 3 

Rat liver 

Thieonine 

- 

0 1 


tt 

+ 

0 1 


Allothreomne 

— 

1 5 


tt 


1 5 

“ kidney 

Threonine 

- 

0 0 


tt 

+ 

0 0 


Allothreomne 

— 

0 2 


(( 

+ 

0 2 

Horse liver 

Threonine 

— 

0 25 


tt 

+ 

0 25 


Allothreomne 

— 

2 10 


ft 

+ 

3 80 

Sheep “ 

Threonine 

— 

0 3 



+ 

0 3 


Allothreomne 

— 

6 1 


tt 

+ 

6 2 


species and the lelative activation with PLP is piesented m Table I All 
the hveis exhibited enzyme activity, vath sheep hvei shovnng the highest 
specific actmty This was used subsequently as the enzyme source in 
the pmafication studies Both enz3"mes were also piesent m jeast, but 
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the specific activity of yeast cells disrupted by sonic treatment was con- 
siderably lower than that of mammahan tissues 

Prepaiahon of Threonine Aldolases 

Liver — Fresh hver was obtained from the abattoir, cooled with ice, 
washed m cold water, and freed from fat and connective tissue The 
hvers were cut into 15 gm sections, wrapped m Parafihn oi tm foil, and 
frozen and stored at —20° until used 

Extraction — 250 gm of frozen hver were mixed with 250 ml of 0 1 m 
phosphate buffer, pH 7 6, which contamed 0 1 m NaF,^ and warmed to 0° 
The mixtuie was then homogemzed m a Warmg blendor foi 2 imnutes 
Controlled Heat Denaturation of Non-Threonine Aldolase Protein — The 
crude homogenate was adjusted to pH 7 6 with 1 n NaOH and heated to 
55° m a hot water bath This temperature was mamtained for 5 minutes 
After coohng in an ice bath to 0°, the mactive precipitate was removed by 
centrifugation at 0° 

Ammonium Sulfate Precipitation — The clear red, cooled supernatant 
hquid from the heated extract was brought to 30 per cent saturation by 
the slow addition of solid ammomum sulfate ^ The pH of the extract was 
maintamed at 7 6 during the addition of the ammomum sulfate, and the 
precipitate was removed by centrifugation at 0° 

Ammonium Sulfate Extraction — graded series of ammomum sulfate 
solutions of 20 to 50 per cent saturation was piepaied by the appropnate 
dilution with distilled water of a saturated ammomum sulfate solution,^ 
pH 7 6 The protem fraction which was not soluble in 30 per cent satu- 
rated ammomum sulfate was then successively extracted with the graded 
ammomum sulfate solutions of 50, 45, and 35 per cent saturation m the 
followmg manner The protem precipitate was extracted with 5 times its 
weight of the highest ammomum sulfate concentration (50 per cent), and 
the proteins not soluble m 50 per cent ammomum sulfate were separated 
by centrifugation The extracted soluble protems were reprecipitated 
without delay by the addition of saturated ammomum sulfate, pH 7 6, 
and were centnfuged, tested for activity, and stored at —20° This pro- 
cedure was repeated with ammomum sulfate solution of 45 and 35 per cent 

2 Pluonde was found to protect the enzymes in crude homogenates, possibly by 
inhibiting the decomposition of PLP by phosphatases After the first fractionation 
with ammonium sulfate, fluoride was ineffective in protecting against inactivation 
In crude preparations, addition of PLP also reduced the progressive inactivation of 

the enzymes , 

s The formula of Kunitz (7) was employed to calculate per cent saturation 

ammonium sulfate 

* Prepared by adding ammonium sulfate to saturation with stirring, adjusting 
pH 7 6 with concentrated ammoma, and filtering off the excess salt 
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saturation The enzyme fraction soluble in 40 per cent saturated am- 
momum sulfate usually contained the aldolases A summary of the puri- 
fication data IS given in Table II 

Attempts at Fxirthei Purification — The threomne aldolases were found 
to be highly labile and very lesistant to further attempts to separate and 
purify them Exploiation vuth other salts demonstrated that sodium 
citrate was superior for puiification to ammomum sulfate However, the 
greater cost and limited improvement m the purification did not justify 
the use of citiate 

No success in puiafication was obtamed with the orgamc solvents, ace- 
tone, butanol, ethanol, and methyl Cellosolve This was also true of the 


Table II 

Summary of Yields and Specific Activities Obtained during 
Purifieation of Threonine Aldolases 


Fraction 

Volume 

Total 

Enzyme units 

Specific activity 

X 100 

Activity 

ratio^ 

threonine 

protein 

Threo 

mne 

Allothre 

onme 

Threo 

nine 

Allothre- 

onme 

allothreo- 

nine 

Crude homogenate 

ml 

330 

m$ 

58,000 

296 


0 51 

10 7 

0 048 

Supernatant, after heat- 
ing to SS" 

175 

17,500 

192 


1 10 

17 7 

0 062 

Ammonium sulfate ppt , 
30% 

25 

3,260 

75 


2 3 

20 5 

0 11 

Ammonium sulfate ex- 
tract, 40% 

10 

123 

21 

240 

17 1 

195 

0 088 


adsorbents, alumina, calcium phosphate gel, bentomte, and banum sul- 
fate Gradient elution chromatography by the method of Schwimmer (8) 
was imsuccessful because of the extreme labfiity of these enzymes, particu- 
larly m high dilutions 

Evidence for Presence of Two Enzymes 

Changes in Patio of Threonine to Allothreonine Decomposition with Puri- 
fication — The ratios of the specific activities of the aldolases were followed 
durmg the preparation of the enzymes Fiom Table II it can be seen that 
the ratios of the quantities of threomne and allothreomne decomposed 
were not constant 

Changes in Ratio of Threonine to Allothreonine Decomposition in Presence 
of Structural Analogues — Compounds with functional groups stencally re- 
lated to threomne and allothreomne inhibited the enzymes differentially 
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Serine, homosenne, Chloromycetin, and threo- and ery^hro-sermol were 
tested The extent of inhibition by each is shown m Table III 
Other Evidence — This is provided by a variety of obseivations on the 
different responses in the decomposition of threomne and allothreonine 
by enzyme extiacts A wide variation was found m the magmtude of the 
activation mth PLP for the two substrates An extreme case was one 
sheep livei preparation m which PLP produced no mcrease m the rate of 
decomposition of threonine, although the rate for allothreomne was m- 
creased 10-fold 


Table III 

Effect of Structural Analogues on Threomne and Allothreomne Aldolase Activity 


Reaction components 80 mg of enzyme protein, 0 10 pmole of PLP, 125 /imoles of 
DL-allothreonine, 100 pmoles of analogue, phosphate buffer to give a volume of 3 0 
ml per flask 


Substrate 

Analogue 

Enzyme activity 

Activity ratio, 
threomne 
allothreomne 



enzyme units 


Threomne 

1 

1 0 

0 09 

Allothreomne 


n 6 


Threomne 

erythroSennol 

0 5 

0 02 

Allothreomne 

(< 1 

2 2 


Threomne 

ilireo-Serinol 

1 0 

0 40 

Allothreomne 

(( 

2 5 


Threomne 

Serine 

0 4 

0 64 

Allothreomne 

1 if 

6 3 

1 

Threomne 

1 Homosenne 

0 6 

0 85 

Allothreomne 

ft 

7 2 


Threomne 

Chloromycetin 

1 1 

0 10 

Allothreonine 

' ft 

1 

10 2 



With incieasmg tune of incubation up to 2 hours, the late of decomposi- 
tion of allothreomne remamed neaily constant, while that of threomne 
was progressively slowed down The rate of decomposition of aUothre- 
onme mcreased nearly hnearly mth increasing enzyme concentration over 
about a 20'fold range, but that rate for threomne did not mcrease any fur- 
ther after the enzyme concentration was mcreased 4-fold with the same 
hvei preparation 


Properties of Threonine Aldolases 

Activation mth PLP — ^Activation by PLP in crude extracts is demon- 
strated m Table I In the purified preparations, the mcrease m enzyme 
actmty as a function of the PLP concentration followed Michaelis-Menten 
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kinetics The data plotted accoiding to the method of Lmeweaver and 
Burk (9) yielded stiaight lines Fiom these theie weie calculated the K, 
values for PLP of 1 11 X 10 ~' m for thieomne aldolase and 1 74 X 10~® m 
for allothreomne aldolase No othei vitamin Bo deiivative would leplace 
PLP 

Effect of — SH Reagents — PCMB completely inhibited the enzyme activ- 

Table IV 

Inhibition and Reactivation of Thieomne Aldolases 


Reaction components 30 mg of enzjmie protein, 125 ftmoles of DL-threonme or 
DL-allothreoninc, 0 1 /^mole of PLP, 10“’ m phosphate buffer, pH 7 6, to give a volume 
of 2 5 ml per flask 


Substrate 

Reagents 

Enzyme 

activity 

Threonine 

None 

enzyme 

itmls 

0 6 

Allothreomne 

“ 

2 4 

Threonine 

PCMB, 10 jumoles 

0 0 

Allothreomne 

“ 10 “ 

0 0 

Threonine 

lodoacetate, 10 jumoles 

0 4 

Allothreomne 

« 10 “ 

2 2 

Threomne 

None 

0 7 

Allothreomne 

(( 

3 1 

Threomne* 

0-Iodosobenzoate, 50 mg 

0 1 

Allothreomne 

“ 50 “ 

2 1 

Threonine* 

BAL, 50 mg 

0 7 

Allothreomne 

“ 50 " 

3 1 

Threonine* 

O-Iodosobenzoatef + BALf 

0 65 

Allothreomne 

€( tt 

3 2 


* In these experiments, 1 gm of enzyme protein was oxidized with 10 jumoles of 
0-iodosobenzoate for 0 5 hour at pH 7 6 and 4° An aliquot was removed and the 
remaining enzyme reduced with 100 /nmoles of BAL for 0 5 hour at pH 7 6 and 4° 
t 50 mg 

ity, as did mercury and coppei ions, while lodoacetate exhibited only a 
minunal inhibitory effect (Table IV) The enzyme also was inhibited by 
oxidation with lodosobenzoate, but this could be prevented oi completely 
reversed by BAL (Table IV) It was also observed repeatedly that en- 
zyme preparations which lost enzyme activity upon prolonged aging could 
be partially reactivated by glutathione or cysteine These findings sup- 
port the view that the threomne aldolases aie — SH enzj'^mes 
Optimal pH— The effect of pH on the sheep hvei enzyme activity v as 
studied with both amino acid substrates m the presence of PLP, and for 
both the forward splitting reaction and the synthetic reaction with acetal- 
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dehyde and glycine as substrates (Fig 3) The optimal pH was the same 
for both enzymes, whether the forward or the reverse reaction rate was 
measured, namely pH 7 6 ±0 2 This same value was previously found 
for the rat hver threonine aldolase (3) and for guinea pig hver threomne 
aldolase (2) 

Stoichiometry — Incubation of L-threomne and L-aUothreomne with the 
enzyme preparation resulted in eqmvalent decreases of the two substrates 
and the formation of corresponding amounts of acetaldehyde and glycme 
(Table V) The decrease in threomne or allothreonme was measured by 



> 

o 

< 


m 

3 

N 

»< 

3 

ct> 

C 

3 

cn" 


Fig 3 pH-activity curves of threomne aldolases The curves show that the op- 
timal pH IS the same for both the decomposition of the threonines and for their re- 
synthesis 


the penodate reaction, the acetaldehyde formed by the usual assay method, 
and the glycme formed by cleavage with mnhydrm and estimation of the 
formaldehyde produced with chromotropic acid (10) 

Substrate Affinity — The enzyme-substrate dissociation constants for 
threomne and allothreomne were deteimmed in the usual manner from 
Lmeweaver-Burk plots The dl forms of the aimno acids were employed 
m the tests because of the unavailabihty of the resolved ammo acids, but 
the constants were calculated for the L-ammo acids, smce the d forms are 
not enzymatically cleaved (3) The if, values foimd for threomne and 
allothreomne as substrates were 69 X 10“® m and 4 35 X 10"’ m, respec- 
tively The K, values for the reaction of PLP with these enzymes are 

given above 
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In studies uitli a lat liver piepaiation, Lin and Greenberg obtained 
figuies of 25 X 10“^ foi L-thieonine and 1 X 10~^ for L-allothreonine 
Failxac to Shoio Othci Cofactor Regiax exnents — No inhibitoiy effect on 
the aldolases was observed aftei tieatment of the enzymes vuth EDTA, 
2,2-bipyiidine, S-hydio\yquinohne, ascorbic acid, or BAL Likewse, no 
activation of the aldolases vas obtained aftei the addition of all metals® 
of pltysiological impoi tance, oi of chromium or alurmnum 
PLP and tetiahydiofohc acid have been found to be cofactois for the 
leaction of the foi matron of serine from glycine and formaldehyde (11) 
It was not possible in our work to show the presence of cofactors other 
than PLP for the threonine aldolases Materials which were tested for 

Table V 

Formation of Eqmialcnt Amounts of Acetaldehyde and Glycine from 
Threonine and Allothreonine 


Reaction components 10 /amoles of DL-threonine or DL-allothreonme, 30 mg of en- 
zyme protein, 0 1 /xmole of PLP, lO"’ m phosphate buffer, pH 7 6, to give a volume 
of 2 5 ml per flask 


Initial 

Final 

Substrate 

Acetal 

dehyde 

Glycine 

Substrate 

Acetal 

dehyde 

Glycine 


nmole 

nmole 


nmoles 

nmoles 

Threonine, 10 iimoles 

0 0 

0 0 

Threonine, 9 7 






/imoles 

0 18 


Allothreonine, 10 



Allothreonine, 7 9 



/umoles 

0 0 

0 0 

/imoles 

2 0 

2 1 


both the synthesis and the breakdovm of threomne and allothreomne were 
extracts of yeast and hver, fohe acid and ATP, citrovorum factor and 
ATP, tetrahydrofohe acid and ATP, coenzyme A and reduced diphos- 
pyridine nucleotide, and acetyl phosphate 

Test for Other Substrates — A number of naturally occurring hydroxy 
compounds and aldehydes were tested to determine whether they could 
serve as substrates for the partially purified thieomne aldolases This 
possibility was indicated by the fact that Braunshtem and Vilenkma (2) 
observed the formation of glycine from a number of hydroxj'-ammo acids, 
and that Gilbert (12) has reported the decomposition of threo- and erythro- 
phenylserme to benzaldehyde and glycine by crude hver extracts Formal- 
dehyde, propionaldehyde, and acetone possessed no activity when meu- 

' The activity of the threonine aldolases was found to be markedly increased 
(about doubled) at lowered ionic strengths of the medium The reduction in activitj 
■vnth increased ionic strength could be counteracted by preincubation with PLP 
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bated with glycine, PLP, and the purified enzymes Serme, homoserine, 
epinephrme, alanme, lactic acid, glycolic acid, and phosphothreomne pro 
duce no detectable volatile caibonyl decomposition products 

The effect of substrate concentiation on the activity of the enzymes was 
investigated A\T.th acetaldehyde A lather nariow range of concentiation 
was found foi optimal enzyme activity, and the reaction rate fell off quite 
lapidly when the optmial concentiation (0 017 m) was exceeded Acetal 
dehyde concentrations m excess of 0 02 M produced visible denaturation 
of the protein solution 


Table VI 


Determination of Apparent Equilibrium Constant of Allothreonine Formation 


Experiment 

Allothreonine, M X 10® 

Glycme, u X 10* 

Acetaldehyde, i£ X 10* 

No 

Initial 

Final 

Initial 

Final 

Initial 

Final 

1* 

2 38 

0 26 

0 

2 09 

0 

2 00 

2t 


2 64 

9 55 

6 60 

9 55 

6 60 

3t 

2 38 

0 24 

0 

2 10 

0 

2 10 

4§ 

2 38 

0 25 

0 

2 14 

0 

2 14 


* Reaction components and conditions 10 /imoles of cL-allothreonine, 0 1 /imole 
of PLP, 30 mg of enzyme protein, 10~® m phosphate buffer, to give 2 1 ml per vial 
Incubation time, 2 5 hours 

t Reaction components and conditions vere the same as those in Experiment 1, 
except for 20 ^moles of acetaldehyde and 20 jumoles of glycine in place of dl alio 
threonine 

t Reaction components and conditions vere the same as those in Experiment 1, 
except for 60 mg of enzyme protein 

§ Reaction components and conditions were the same as those in Experiment 1, 
except for 90 mg of enzyme protein 


Reversibility and Equilibrium of Reaction 

The synthesis of threomne from acetaldehyde and glycme was showm to 
occur non-enzymatically bj^ Metzler et al (13) and has been reported to 
take place enzymatically by Gilbert (4) The reversibility of the reaction 
was verified by us, and expeiiments were performed to determine the 
equilibrium constant defined as 




(allothreonine) 
(acetaldehyde) (glycine) 


In these experiments it was assumed that the increase in acetaldehy c 
was eqmvalent to the decrease m allothreonme concentration m the ot 
ward reaction This assumption is suppoited by the stoichiometry o 
reaction (Table Y) 
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In the leveisc leaction, allothreoiune foimation was assumed to equal 
the quantity of mateiial mIiicIi leacted with peiiodate minus the amount 
of thieomne piesent, as deteinnned biological assay This assumption 
Mas checked by quantitatne papei chiomatogiaphy, ivith a solvent mix- 
tiiie of butanol, ivatei, acetone, and ammonia (1 0 75 0 12 0 12) (14) The 
data aie repoited in Table VI Kcq values of 51 0, 52 0, and 58 9 were 
calculated foi thiee diffeient concentiations of enzj'^me at pH 7 6 for the 
foivaid leaction With the leveise reaction a value of 62 5 ivas obtained 
It IS possible that the final equihbiium position was not quite achieved m 
eithei dnection, and that the best value of the eqmhbiium constant is an 
aveiage of the above figuies, about 56 
Calculation of the equihbiium constant foi thieomne ivas nnsatisfactoiy, 
gl^^ng no agreement in the figures for the leaction in the forv’^aid and re- 
verse direction 


DISCUSSION 

The evidence reported in this woik suggests that Hvo sepaiate enzymes 
are involved in both the decomposition and synthesis of thieomne and 
aUothieonme, although it has not been possible up to now to sepaiate com- 
pletely the tivo enzyme activities Tins evidence consists of the variation 
in the activity latio on the tv'o substiates upon fractionation and differ- 
ences in the response undei vaiious experimental conditions 
A possible mechanism foi thieomne and allothreomne bieakdown which 
involved the paiticipation of pyndoxal and metal ions, viz iron, aluminum, 
01 chromium, was presented by Metzlei et al (13) The threomne aldo- 
lases are activated by PLP ® Hoivever, no metal ion or other orgamc co- 
factor lequirement could be shown, and no inhibition could be pioduced 
by chelating agents The negative lesults with metal ions and sequester- 
ing agents cannot lule out the possibdit}’’ that a metal ion may be a cofac- 
tor foi crystalhne aldolases, but, at the present tune, an earhei mechanism 
of reaction (15) v^hich does not involve the participation of a metal ion 
can explam the experimental findmgs 
The presence of allothreomne aldolase cannot be readdy explamed by 
the existmg data for this ammo acid Allothreomne is not a natuially oc- 
curnng ammo acid,® it cannot prevent the foimation of fatty hvers on 
threonine-deficient diets (17), and is a compound for which no biochemical 
sigmficance has been adduced This poses the possibihty that aUothreo- 
nme is not the natural substiate foi this enzyme and that its breakdoivn 
IS merely an artifact 

' Tests performed in our laboratory to demonstrate the incorporation of nn-allo- 
threonine-l,2-C'* into protein of the body tissues, and a survey of some naturallj^ 
occurring plant and ammal proteins for the presence of allothreomne, jielded com- 
pletely negative results (for experimental details, see Karasek (16)) 
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The imphcations of the reversibihty of threonine breakdown foi metabo- 
lism deserve comment Threomne can be synthesized m vitro from acet- 
aldehyde and glycine by enzymes fiom rat and sheep hvei Also, the 
magnitude of the equihbnum constant favors the synthetic reaction (foi 
allothreonme), although not as strongly as was found for the corresponding 
reaction for the biosynthesis of serine from formaldehyde and glycine (11), 
VIZ Keq = 2 76 X 10^, as against 56 

The leason for the indispensabihty of thieomne in the diet of mammals 
may possibly be the lack of a known metabohc pathway that can produce 
sufficient quantities of acetaldehyde to favor a rate of synthesis of threomne 
adequate to meet the nutritional requiiement ^ It should be noted, how- 
ever, that, in spite of the favorable equilibiium constant for synthesis, at 
concentiations noimai for biological material the decomposition of the 
threonines lather than synthesis would be gieatly favored Meltzer and 
Spnnson (18), from a study of the fates of L-threomne labeled with C“ and 
concluded that one-fifth to one-third of dietaiy threomne is cleaved 
m the rat to glycine From this result it has been inferred that the majoi 
pathway of threonine dissimilation is by way of the threonine aldolase 
reaction The weak activity of threomne decomposition and the high 
activity of thieomne dehydrase (19) found in hvei make this a dubious 
conclusion In addition, it has been found that threomne dehydiase is 
inducible and is increased m activity by threonine admimstration (20), 
while the threomne aldolases are not 

SUMMARY 

1 Evidence has been secured for the presence of tiro distmct enz 3 Tnes 
m sheep hver that cleave threomne and allothreomne to glycine and acet- 
aldehyde The rate of decomposition of threomne m ciude preparations 
IS one-twentieth of that of allothreomne The specificity of each reaction 
IS confirmed by the differences in the effects on the two substrates of en- 
zyme concentration, incubation tune, pyndoxal phosphate activation, 
inhibition by cheimcal analogues, and ammonium sulfate fractionation 

2 The only cofactor reqimement detected was for pyndoxal phosphate 
Other vitamm Be derivatives were meffective No requirement could be 
demonstrated for metal ions or other orgamc cofactors 

3 Evidence was secured for the reversibihty of both reactions, and the 
equihbnum constant for the cleavage of allothreomne was measured 

4 The general properties of threomne and allothreomne aldolases were 

’ An attempt to replace or reduce the dietary requirement for threomne by ad- 
ministering drinking water contaimng 0 6 per cent glycine and 10 per cent ethane on 
a threonine-deficient diet failed to show any substitution for threomne, as evidence 
by the weight response (for experimental details, see Karasek (16)) 
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studied The pH optima, effect of ionic stiength, and stabdity -were smu- 
lai foi both The eiizyme-substiate dissociation constants of pyndoxal 
phosphate for the two enzyme activities and of threonine and allothreomne 
have been determined 

5 Expeiiments with p-chloiomeicuiibenzoate, lodoacetate, 0-iodoso- 
benzoate, glutathione, cj^steme, and dimeicaptopropanol showed that both 
enzymes required fiee — SH gioups for enzyme activity 
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XIII IDENTIFICATION OF CERTAIN PEPTIDES IN PARTIAL 
ACID HYDROLYSATES OF a-CORTICOTROPIN (a-ACTH)* 

Bt CHOH HAO LI, R DAVID COLE.f DAVID CHUNG, 

AND JOS15 LEONISt 

{F rom the Hormone Research Laboratory and the Department of Biochemistry , 
University of California, Bcikcley, California) 

(Received for publication, January 21, 1957) 

The complete ammo acid sequence of a-corticotropm (a-ACTH) has 
recenti}'' been lepoited (1) In older to estabhsh this sequence, mvestiga- 
tion of peptide fiagments obtained by partial acid hydrolysis of the dim- 
trophenyl (DNP) derivative of the peptide hormone had been imdertaken 
In addition, in oidei to confiim the sequence of certain of the ammo acids, 
peptide fragments denved fiom paitial acid hydiolysis of a-ACTH itself 
vere also lecently investigated Such studies weie felt to be of particular 
impoitance m ordei to asceitam whethei transpeptidation neai the basic 
ammo acids had occurred during the enzymatic digestion in the course of 
the structural investigation (1) 

EXPERIMENTAL 

Analysis of Peptides Obtained from DNP a~ACTH — 40 mg of DNP a- 
ACTH (2) were suspended in 0 5 ml of constant boihng HCl, m a test tube 
subsequently sealed under a vacuum, and weie maintained at 110° for 5 
hours, until dissolution was complete The DNP peptides were then 
removed from the hydrolysate by successive extractions three times with 
diethyl ether, three times with ethyl acetate, and once with n-butanol 
Each of these extracts, and the remaimng aqueous phase, was evapoiated 
to dryness and subrmtted to paper chromatography m the solvent system 
(er(-amyl alcohol-isoamyl alcohol-3 per cent NH4OH (2 1 3) (see Fig 1) 

Spots 1 to 6 from the butanol extract (Fig 1, B) and Spots 1 to 8 fiom the 
aqueous phase (Fig 1, W) were cut fiom the paper, and the compounds were 
eluted With 3 pei cent NH4OH The eluates wnre then chromatographed 
on paper wuth a phosphate buffer (1 6 m, pH 7) as the developei (Figs 2 and 
3) In most instances, single spots fiom amjd alcohol chiomatograms 

* This work was supported in part by grants from the National Institutes of 
Health of the United States Public Health Service (grant No G2907) and the Albert 
and Mary Lasker Foundation 

t Present address. The Rockefeller Institute for Medical Research, Nev York 

t On leave from the University of Brussels, Belgium, on a Fulbnght Fellowship 
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could be lesolved into two components (1 and la, 2 and 2a, etc ), which 
were cut out separately and eluted The compounds m each of the eluates 
weie dmitrophenylated in older to substitute the a-amino group, acidified 
to pH 1, and again fractionated by extraction in the same way with diethy] 
ether, ethyl acetate, and n-butanol The dinitrophenylation is usually 
carried out as follows The peptides are dissolved m 0 5 ml of 5 per cent 


E A B W 

X- 



E= ether extract A= ethyl acetate extract 
B = butanol extract W= water phase 
Solvent' f-amyl alcohol/i-amyl alcohol/3 % 

NHjOq (2 I 3) 

Fig 1 Paper chromatogram of extracts from partial acid hydrolysate of DNP 
a-corticotropin 


NaHCOs, and 1 0 ml of a 2 per cent solution of dinitrofluoiobenzene 
(DNFB) m EtOH (v/v) is added The imxture is shaken at room tem- 
perature for 3 hours (4 houis for ammo acid analyses) and is then diluted 
with 2 volumes of water and extracted three times with diethyl ether to 
remove excess DNFB and other side products of the reaction , after acidi- 
fication of the resulting solution vuth 2 drops of concentrated HCl, extrac- 
tion (three times) is performed with diethyl ether 

The matenal obtained from the ongin of the chromatogram of the 
aqueous phase (Spot 0, Fig 1) contamed most of the peptides from the 
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ongmal hydrolysate that weie not dmitiophenylated This mixture was 
then submitted to dinitiophenjdation and fiactionated by extraction as 
desciibed above, and was finally sepaiated by chiomatogiaphy m a two- 
dimensional system (3) The complexity of this fi action is illustiated m 
Fig 4 The matenals obtained in this manner, as well as the other DNP 
peptide fractions mentioned above, weie submitted to complete hydrol- 



Fig 2 Paper chromatogram of DNP peptides in the butanol extract, previously 
separated by paper chromatography (see Fig 1) DNPOH, dmitrophenol 

ysis (with constant boihng HCl, at 110° for 16 to 30 houis, in tubes sealed 
under a vacuum), followed by extraction with diethyl ether The DNP 
amino acids thus extracted, which represent iV^-termmal residues of the 
corresponding peptides, weie identified by means of papei chromatography 
(3) The aqueous phase lemaining after the extraction contamed free 
amino acids, 0-DNP tyiosme and mono-DNP derivatives of basic ammo 
acids These weie identified on paper by using the butanol-acetic acid- 
water (4 1 5) system (4), the amino acid concentration was estimated 
from the intensity of mnhydrin color of each spot of the chromatogram 
When a smgle a-DNP ammo acid was obtained from a hydrolysate of 
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peptide material, it was assumed that the hydrolysate was derived from a 
single peptide 

Analysis of Peptides Obtained from a-Corticotropin — 25 mg of a-ACTH 
(5) were dissolved m 0 5 ml of concentrated HCl and incubated at 40° 
foi 4 days The solution was then evaporated three times to dryness, 
in vacuo ovei NaOH, m ordei to remove all excess HCl Finally, the lesi- 
due was redissolved m 0 5 ml of H2O, and the solution wms appbed to a 



Fig 3 Paper chromatogram of DNP peptides in the aqueous phase, previously 
separated by paper chromatography (see Fig 1) 

large sheet of Whatman No 3 MM filter paper for electrophoretic separa- 
tion m a Spinco apparatus (6) at 200 volts for 7 hours in pH 6 5, colhdine- 
acetic acid buffer (7) at room temperature After the paper was dried, 
two narrow strips were excised for development with ninhydrin and for 
detection of argmme by the Sakaguchi reaction (8) Fig 5 shows the 
mnhydnn pattern from the origin to the cathode, a sohd dot indicates the 
piesence of arginine 

With this pattern as a guide, the remaindei of the sheet was cut, and the 
strips were eluted with 3 per cent NH4OH The solvent wms evapoiate 
and the residues were then redissolved m water An ahquot from each 0 
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peptide matenal, it was assumed that the hydrolysate was derived from a 
single peptide 

Analysts of Peptides Obtained from a-Corticotropin — 25 mg of a-ACTH 
(5) were dissolved in 0 5 ml of concentrated HCl and incubated at 40° 
foi 4 days The solution was then evaporated three times to diyness, 
in vacuo ovei NaOH, in order to remove all excess HCl Finally, the resi- 
due was redissolved in 0 5 ml of H 2 O, and the solution was apphed to a 



Fig 3 Paper chromatogram of DNP peptides m the aqueous phase, previousb 
separated by paper chromatography (see Fig 1) 

laige sheet of Whatman No 3 MM filter papei for electrophoretic sepaia- 
tion in a Spinco apparatus (6) at 200 volts for 7 hours in pH 6 5, colhdine- 
acetic acid buffer (7) at room temperature Aftei the paper was dried, 
two narrow strips were excised for development with ninhydrin and for 
detection of arginine by the Sakaguchi reaction (8) Fig 5 shows the 
mnhydnn pattern from the origin to the cathode, a sohd dot indicates t e 
presence of argimne 

With this pattern as a guide, the remamdei of the sheet was cut, an 
stiips were eluted with 3 per cent NH4OH The solvent was evaporate 
and the residues were then redissolved m water An aliquot from eac 
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Fig 7 Paper chromatogram of fractions eluted from the spots shown in Fig 6 


Table I 

Analysis of Some Peptides fiom Paper Chromatograms of Partial Acid Hydrolysis of 
a-Corlicolropin after Preliminary Separation by Paper Electrophoresis 


Experiment No 

Peptide No • 

N Terminal 
residue 

Residual ammo acidst 

Probable sequence 

I 

lb 

Lys 

Arg 

Lys Arg 


1,2a 

Arg 


Arg Arg 


4b 

Phe 

Arg, (Try) 

Phe (Arg, Try) 

II 

la 

Lys 

Lys, Arg, Arg 

Lys (Lys, Arg, Arg) 


2a 

Arg 

Arg 

Arg Arg 


2d 

Phe 


Phe Arg 


3b 

Arg 

Pro 

Arg Pro 


4b 

Lys 

Pro,Val 

Lys (Pro, Val) 


4c 


Val 

Lys Val 


2b 

<{ 

None 

Lys 


2c 

Arg 


Arg 


* See Fig 7 

t Amino acid piesent in the aqueous phase after ether extraction of the acid h 3 'drol- 
ysis 


did not give a yellow-coloied ethei extract was applied to the n-butanol- 
formic acid-water system for the estimation of DNP arginine, since the 
lattei IS not ether-soluble The aqueous acid hydrolysates were then 










Experiment No 

Peptide No * 

N’ Terminal 
residue 

Residual ammo acidst 

Probable sequence 

I 

lb 

Lys 

Arg 

Lys Arg 


1,2a 

Arg 


Arg Arg 


4b 

Phe 

Arg, (Try) 

Phe (Arg, Try) 

II 

la 

Lys 

Lys, Arg, Arg 

Lys (Lys, Arg, Arg) 


2a 

Arg 

Arg 

Arg Arg 


2d 

Phe 

(( 

Phe Arg 


3b 

Arg 

Pro 

Arg Pro 


4b 

Lys 

Pro, Val 

Lys (Pro, Val) 


4c 

(( 

Val 

Lys Val 


2b 

if 

None 

Lys 


2c 

Arg 


Arg 


* See Fig 7 

t Ammo acid present in the aqueous phase after ether evtraction of the acid h 3 ’'drol- 
ysis 


did not give a yellow-coloied ethei extiact was applied to the n-butanol- 
fornuc acid-watei system foi the estimation of DNP aiginme, since the 
latter is not ethei -soluble The aqueous acid hydrolysates were then 
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evapoiated and again dinitiophenylated for the quantitative estimation 
of the ammo acid composition of the peptide (minus the iV-termmal 
ammo acid) 


Results 

DNP a-Corhcotropin — Most spots m the papei chiomatograms (Figs 1 
to 4) obtained from the partial acid hydrolysate of DNP a-ACTH con- 
tained either mixtures of peptides oi peptides which weie too complex to 
yield a conclusive identification, nine of these spots, however, seemed to 


Table II 

Analysis of Some DNP Peptides Obtained from Partial Acid Hydrolysis 

of DNP a-Corticolropin 


Peptide No 

V-Termmal residue 

Residual ammo acids* 

Probable sequence 

B-2t 

di-DNP-Lys 

Pro, Val, Gly 

Lys (Pro, Val, Gly) 

B-3t 


Val, Tyr, Pro 

Lys (Val, Tyr, Pro) 

B-4t 

DNPOHf 

Pro, Val, e-DNP-Lys 

Pro (Val, Lys) 

B-5t 

“ t 

Pro, Vala, Tyr, «-DNP-Lys 

Pro (V al , Lys , Val , Tyr) 

W-01§ 


DNP-Arg,Pro 

Arg Pro 

W-03§ 

DNPOHJ 

(e)DNP-Lys,Pro,Val,Gly 

Gly (Lys, Pro, Val, Gly) 

W-04§ 

DNP-AIa 

Gly,Glu,Asp 

Ala(Gly,Glu,Asp) 

W-2II 

di-DNP-Lys 

Arg 

Lys Arg 

W-3II 


Val 

Lys Val 


* Ammo acid present m the aqueous phase after ether extraction of the acid 
hydrolysate of the DNP peptide 
t See Fig 2 

i DNP proline and DNP glycine are known to decompose under the conditions 
of hydrolysis to give rise to dinitrophenol (DNPOH) 

§ See Fig 4 
II See Fig 3 

arise from smgle peptides whose structure could be deduced (Table II) 
Among these peptides, W-04 (Table II) is the only one containing neithei 
argimne noi lysme and probably represents the tetiapeptide occupymg 
positions 25 to 28 m the a-ACTH molecule (1) 

Since one of the two tyrosine residues known to occur in the a-ACTH 
molecule is located at the iV-tei minus in the sequence Ser Tyr Ser , etc 
(10), and since fiom then ammo acid composition it is evident that pep- 
tides B-3 and B-5 (Table II) are not derived from the A-terminus, both 
the tyiosmes found m these peptides must repiesent the second tyrosine 
residue Thus, it is possible to assume the existence of the sequence 
Pro Val Lys Val(Tyr,Pio) Finally, the sequence Gly Lys(Pro,Val,^ 
Gly) may be formulated from the probable sequence of the peptides 

and "W-OS 
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a-Co>ticot)opin — Two sepaiate expeiimeuts with two different piepaia- 
tions of a-coiticotiopin ^^ele earned out Although the conditions used 
foi hydiolysis weie the same, the patterns obtained weie not identical with 
lespect to the natuie and the amount of each peptide This is to be ex- 
pected, as it IS -well known that partial acid hydrolysis of pioteins oi pep- 
tides IS fai fiom being a leaction with high specificity 
The peptides which weie investigated weie those giving stiong mnhydiin 
and Sakaguchi leactions Most of them weie found to be homogeneous 
aftei papei chiomatography. Table I shows the results of these analyses 
It should be noted that peptides 2d of Experiment II and 4b of Experiment 
I (Table I) weie identical as fai as the lesults of the amino acid analyses 
weie concerned Howevei, because of the diffeience in then mobilities in 
papei electrophoiesis and of their Rp values m papei chromatography, it 
was concluded that 4b (Expeiiment I) is moie “fatty” and less “basic” 
than 2d (Expeiiment II) Fiom evidence previously repoited (1), it 
appeals that peptide 2d (Experiment II) is Phe Aig while 4b (Expeiiment 
I) IS Phe(Aig,Tiy), the tryptophan being destroyed during the acid 
hydiolysis and consequently not appealing m the analysis Since from 
chymotiyptic digests of a-ACTH the sequence Aig Try was identified 
(1), and since only 1 tiyptophan lesidue occuis in the molecule (11), the 
sequence Phe Arg Tiy may theiefoie be assumed to occui in the peptide 
hormone Fiom peptides lb and 2a (Expeiiment I) and 2a and la, 
Expeiiment II, it is evident that a sequence, Lys Lys Aig Aig, can be 
established 


SUMMARY 

Peptides containing lysine and arginine derived fiom the partial acid 
hydiolysis of a-coiticotropin and dimtiophenyl a-corticotiopin have been 
isolated by chromatogiaphic and electiophoietic piocedmes The fol- 
lowing sequences have been identified Lys Aig, Arg Pio, Pro Val Lys - 
Val(Tyi,Pio), Gly Lys(Pio,Val,Gly), Ala(Gly,Glu,Asp), Lys Val, Lys- 
(Pro,Val), Phe Aig Tiy, and Lys Lys Aig Aig Since these sequences 
aie consistent with the pioposed ammo acid sequence for a-coiticotropm 
(1) as deiived fiom enzymatic digests, it seems unhkely that transpeptida- 
tion by the enzymes employed for hydrolysis of the peptide hormone has 
occui led 
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CHARACTERISTICS OF THE INHIBITION BY ETHIONINE OF 
THE INCORPORATION OF METHIONINE INTO PROTEINS 
OF THE EHRLICH ASCITES CARCINOMA IN VITRO* 

By M RABINOVITZ, MARGARET E OLSON, 

AND DAVID M GREENBERG 

(From the Department of Physiological Chemistry, University of California 
School of Medicine, Berkeley, California) 

(Received for publication, January 14, 1957) 

The principal characteristic of an antimetabohte is its ability to block 
the normal functions of the coriesponding natural metabolite The tox- 
icity of several antimetabohtes, however, appears to be due to a product 
which aiises only after the antimetabohte has been transformed by enzy- 
matic reactions which are normally reserved for the natural metabolite (2) 
In support of this concept, Levine and Tarver (3) demonstrated that la- 
beled ethionine is incorporated into the mixed proteins of rat tissues, and 
suggested that its toxicity may in part be due to the newly formed unnat- 
ural proteins Subsequently, peptides containing ethionine (4) and p- 
fluorophenylalamne (5) have been isolated from proteins of Tetrahymena 
pynforrms and Lactobacillus arabinosus after these organisms had been 
grown m media that contain the respective analogues More recently, re- 
ports have appeared that Escherichia coli can synthesize proteins contain- 
ing either azatryptophan (6) oi p-fluorophenylalamne (7) 

The observation that aimno acid analogues may become incorporated 
into protem made it desirable to determine some quantitative character- 
istics of this process This was of particular interest since ethiomne did 
not block the mcorporation of radioactive leucine into the protem of rat 
liver imcrosomes (8), nor did phenylalamne analogues prevent the incor- 
poration of several ammo acids into the protein of Ehrlich ascites cells (9) 
If amino acid analogues can enter protein by substituting for their natural 
metabolite, it might be possible to explain theu failure to inhibit ammo 
acid incorporation into proteins, particularly in cases in which only trace 
levels of such protein may be formed This communication describes the 
relationship between methiomne and ethionine in the protem-S3mthetic 
mechanism of Ehrlich ascites cells under m vitro conditions 

* Aided by grants from the Damon Runyon Memorial Fund for Cancer Research, 
Inc , and the Cancer Research Funds of the University of California A prelinunary 
report of this work has been presented (1) 
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EXPERIMENTAL 

Methods 

The radioactive ammo acids other than methiomue and ethiomne were 
previously described (9) L-Methiomne-methyl-C^^ 5 6 juc pei mg , was 
obtamed from the Isotopes Specialties Company, Inc , Burbank, California 
The L-ethiorune-l-ethyl-C^^, 7 4 fxc per mg , was kmdly provided by Dr 
Gross and Dr Taiver, who have described its preparation (4) Non-ra- 
dioactive L-ethionme and L-methiomne, which were mixed with their 
radioactive counterparts to obtain the required specific activities, were 
purchased from the California Foundation for Biochemical Research, Los 
Angeles 



Fig 1 Double reciprocal plot showing competitive inhibition by ethiomne of 
methionine and leucine incorporation into Ehrlich ascites cell protein Curves 1, 
inhibition by n-ethionine, 5 X 10“^ M, Curves 2, umnhibited incorporation Incor- 
poration IS expressed as micromoles of amino acid incorporated per gm of protein 
during the 15 minute incubation period 

Incubations, protein isolation, and counting procedures were earned 
out as previously desenbed (9) In addition, all protein samples con- 
taining labeled methionine oi ethiomne were dissolved in formic acid and 
oxidized by the addition of hydrogen peroxide (9) The preparations of 
the protems obtamed m this manner had constant specific activity upon 
repetition of this process 

Charactenshes of InhbiUon by Ethiomne — The incorporation of radio- 
active methionine into Ehrlich ascites cell protein was inhibited by ethio- 
nme As shown in Fig 1, this mhibition was competitive Ethiomne also 
inhibited the incorpoiation of other ammo acids Howevei, as in the case 
of phenylalamne antagonists (9), then inhibition could be reheved by 
merely inci easing the concentiation of the ammo acid being incorporated 
This competitive inhibition by ethiomne of the incorpoiation of ammo 
acids other than methionme is also illustrated in Fig 1 by its effect on 
leueme mcorporation If incorpoiation of radioactive ammo acids reflects 
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protein synthesis, and if ethionine blocks this piocess, one would anticipate 
a non-compelttive inhibition of incoipoiation of amino acids other than 
methionine The following obseivations suppoit the concept that ethio- 
nine does not inhibit piotein synthesis tn vitio in this cell system, but by 
displacing methionine paiticipates in the foimation of an unnatural pro- 
tein 

Energrj Requuenients for Ethionine Incorpoi ation — Ethionine is incor- 
poiated into Ehrhch ascites cell piotein Table I shows that this occurred 
under anaerobic conditions only when supported by active glycolysis 
Also, under aerobic conditions, ethiomne incorporation was inhibited by 
low concentrations of dimtrophenol These data indicate that, as m the 
case of the natural ammo acids (10), the incorporation of ethiomne requires 
a source of energy 


Table I 

Energy Requirement for Ethiomne Incorporation into Ehrlich Ascites Cell Protein 


Aerobic 

Anaerobic 

Umnbibited 

With dinitrophenol, 

S X 10-‘ u 

Glucose, 0 015 u 

Without glucose 

0 70 ± 0 00* 

0 40 ± 0 01 

0 365 =b 0 005 

0 027 ± 0 004 


* Incorporation is expressed as micromoles of ethiomne incorporated per gm of 
protein during the 1 hour incubation ± deviation from the mean of duplicate incuba- 
tions The L-ethionine concentration was 5 X 10“’ m 


Ethiomne, Competitive Substrate for Methionine — Ethiomne was effec- 
tively incorporated mto Ehrhch ascites cell protein only when it was pres- 
ent m concentrations high enough to inhibit methionme mcorporation 
Unlike methiomne, the incorporation of ethiomne was markedly dependent 
upon its concentration (Fig 2) The calculated ratio of the apparent 
Michaehs-Menten constants for the incorporation of methiomne and ethio- 
mne indicated that the affinity of the Ehrhch ascites cell for mcorporation 
of methiomne was 600 times that for ethiomne In contrast to the marked 
difference m aflfimties, the identity of the intercepts on the reciprocal in- 
corporation axis (Fig 2) may be interpreted as indicating that the capacity 
of the protein-forming systems for the incorporation of these two ammo 
acids was identical This equivalence of mcorporative capacities imphes 
that the same sites are involved m both methiomne and ethiomne incor- 
poration 

The above conclusion was confirmed by a balance study m which the 
inhibition of methionme incorporation and the concurrent mcorporation 
of ethiomne were compared This balance is shown for three methionme 
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concentiations in Table II The data m line 2 of this table show that, 
in the presence of very low concentrations of added methionine, more 
ethionine was incorporated (0 25 jumole) than could be accounted for 
by the corresponding loss in methionine incorporation (0 11 ^tmole) 



Fig 2 The eSect of concentration of radioactive L-methionine and L-ethionine 
upon their incorporation into Ehrlich ascites cell protein Incorporation is 
pressed as in Fig 1 


Table II 

Compehtion ietween Methionine and Ethionine for Incorporation 
into Protein of Ehrlich Ascites Cells 


Incorporation, ;imole per gm protein 
per 15 mm incubation penod 


L Methionine 

L Methiomne C“ 

L Ethionine C“, 
S X KT* M 

1 

Alone 

With 

1 . ethiomne C>*, 
S X io-» M 

if 

' 1 



0 0 X 10-’ 



0 31 

0 0082 X 10-’ 

0 27 

0 16 

0 25 

0 0205 X 10-3 

0 45 

0 28 

0 20 

0 123 X 10-3 

0 57 

0 47 

0 08 


The difference may be due to the incorpoiation of endogenous cellular 
methiomne A stoichiometnc relationship between ethionine incorpora- 
tion and loss m methionine incoiporation was obtained when the higher 


concentrations of methiomne were used 

Charactenstics of Incorporated Ethionine — Incoiporated ethionine is dis- 
tributed between the buffer-soluble proteins and the proteins of the cell 
particles to about the same extent as methiomne (Table III) No evi- 
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dence could be found foi the accumulation of ethionme in the particle frac- 
tion of the Ehilich ascites cell, which contains the nbonucleoprotein re- 
potted to be engaged in the piehminary step of amino acid incorporation 
(11) This may be taken as an indication that ethionme is rapidly in- 
coipoiated into the completed piotein Furtheimore, as shown in Fig 3, 
only a small fiaction of incorporated ethionme (about 10 per cent) is re- 
leased fiom piotein in cells which are actively incorpoiatmg methionine 
In view of the much gieater affinity of the cells for the natural substrate 
and the prolonged time of incubation with methionine, one might antici- 
pate that exchangeable ethionme would be more readily displaced The 

Table III 

DistnbuUoti of Incorporated Metktomne and Ethionme between 
Particulate and Soluble Proteins of Ehrlich Ascites Cells 


Incorporation, pmole per gm protein 


t-Methionme, 0 0082 X 10"> u 

J. Ethionme, S X 10"* it 

Soluble protein 

Particulate protein 

Soluble protein 

Particulate protein 

0 19 ± 0 006* 

0 18 ± 0 009 

0 27 ± 0 015 

0 26 ± 0 003 


* Standard error of the mean of triplicate incubations The concentrations of 
methionine and ethionme were adjusted to give the same order of incorporation 
during the 15 minute incubation period After the incubation, the cells, together 
with their medium, were cooled in ice and then exposed for 3 to 4 minutes in a Ray- 
theon 9 kc magnetostriction oscillator at full power The particulate matter was 
then centrifuged at 100,000 X g for 90 minutes 

released ethionme may arise from the breakdown of unnatuial protein 
within the cell (3, 12) 

Ethionme Incorporation As Aberrant Protein Synthesis — We have pre- 
viously reported that the incorporation of some natuial ammo acids is 
inhibited by analogues of other ammo acids and that the inhibition can be 
prevented only by the presence of the corresponding metabohte (13) The 
incorporation of ethionme was also inhibited by such analogues As 
shown in Table IV, 0-methylthreonine (14) and 5-hydroxylysine (15) 
partially inhibited the incoiporation of ethiomne, this inhibition could be 
prevented by isoleucme and glutamine, lespectively Methiomne sulfoxi- 
mine, which, like 5-hydroxylysine, inhibits protein synthesis by blocking 
glutamine synthesis (16), was not an effective inhibitor of ethionme incor- 
poration This may be due to pievention by ethionme of the absorption 
of methionine sulfoximine by the cell, a phenomenon common among 
ammo acids of similar stiucture (17) 
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Fig 3 An attempt to displace ethionme incorporated into Ehrlich ascites cell 
protein by methionine Ehrlich ascites cells were incubated with 10 mmoles of L-eth- 
lonine in 2 ml of buffer for 30 minutes, then 10 /tmoles of L-methionine in 0 2 ml were 
added When radioactive, this methionine was incorporated during the subsequent 
2 5 hours as shown When the methionine was not radioactive, the amount of ethi- 
onine released is shown beneath the bar for methiomne 20 /xmoles of sodium py- 
ruvate were present in all flasks to support respiration during the prolonged incuba- 
tion 


Table IV 

Inhibition of Ethionme Incorporation into Ehrlich Ascntes Cell Pi otein by 
0-Methylthreonine and 5-Hydroxylysine and Its Prevention 
by Isoleucine and Glutamine, Respectively 


Incorporation of l ethionine, /imole per gm protein per 15 min mcubation period 


Uninhibited 

control 

Witb 0 methyl- 
threonine 

With 0 methyl- 
threonine and 
isoleucine 

With 5 hy- 
droxy lysine 

With S-hy- 
droxylysine 
and gfutamme 

With 

glutamine 

0 23 ± 0 005* 

0 17 ± 0 004 

0 20 ± 0 009 

0 19 ± 0 01 

0 26 ± 0 004 

0 26 ± 0 009 


* Deviation from the mean of duplicate deternunations The concentrations were 
L-ethiomne, 5 X 10“^ m, 0-methyl-DL-threonine, 2 X 10“^ m, L-isoleucine, 5 X 10 ^ 
5 -hydro N-y-DL-lysine, 2 X lO”’ m, L-glutamine, 5 X 10"'‘ m 


DISCUSSION 

The behavior of amino acid antagonists as competitive substrates ap- 
pears to be the most common action of such analogues on the ammo acid- 
incorporatmg system of Ehrhch ascites cells This effect explams the 
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pieviously lepoited independent antagonism of phenylalanine by o-fluoio- 
phenylalanine and /3-2-thienylalanine (9) Many othei amino acid ana- 
logues also inhibit only the incoipoiation of then lespective metabolites 
without blocking the incoipoiation of othei aimno acids ^ Two othei 
types of antagonism have also been found, the diiect inhibition of piotein 
synthesis by 0-methylthieonine, an isoleucine antagonist (14), and the in- 
dnect inhibition of synthesis, thiough the pievention of foimation of 
glutamine, an essential amino acid in the Ehilich ascites cell (16) 

Aftei obseivmg that ladioactive ethionine is incoipoiated into pioteins 
of the rat, Levine and Taivei (3) speculated that some of the metabohc 
effects of ethionine may be ascribed to the toxicity of the unnatural pio- 
teins formed The work lepoited heie, togethei with similai studies on 
micioorgamsms (4-6), suppoits the piobabihty of their conclusion How- 
evei, the analogues may enter only the moie non-discrumnating proteins 
and block the formation of those which will not accept mmoi structural 
modifications This appeals to be the case m growth studies with L arab- 
inosus, m which p-fluoiophenylalamne wiU support growth only when the 
medium contains suboptimal levels of phenylalanine (5) This point is 
also supported by the obseivations of Paidee, Shoie, and Piestidge, who 
reported (6) that some enzymes may be formed in the presence of azatryp- 
tophan whereas others aie formed either in an inactive state or not at all 

The low affinity for the incoiporation of ethiomne by the Ehrlich ascites 
ceU (-g^that of methionme) and the resulting highei concentiations neces- 
sary to support incoiporation of the unnatural amino acid indicate a struc- 
tural specificity foi protein formation which is much higher than that 
usually observed for enzymes which act on ammo acids (18) or their de- 
rivatives (19) 

The high concentration of ethiomne required to demonstrate a competi- 
tive substrate relationship, togethei with the fact that only the initial rates 
of incorpoiation were observed in these zn vitro studies, suggests that any 
extension of these results to the action of ethiomne on protein metabohsm 
in the intact animal should be made with caution 

SUMMARY 

1 Ethiomne inhibits the in vitro incorporation of methiomne into pro- 
teins of the Ehrlich ascites cell 

2 The antagonist is itself incorporated, and, as in the case of natural 
amino acids, this incorporation reqmres an eneigy source 

3 All inhibition of mcoiporation of methionine can be ascribed to the 
incorpoiation of ethiomne, which acts as a competitive substiate 

4 The affinity for incorporation of ethiomne, however, is only that 


'■ Rabinovitz, M , Olson, M E , and Greenberg, D IM , unpublished observations 
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for methionine Once ethiomne is incorpoiated, it is not leadily released 
by methiomne 
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Norwich Phaimacal Company, Norwich, New York) 

(Received for publication, January 11, 1957) 

Several lepoits have appealed which desciibe the occurience and prop- 
erties of 5-hydro\3diyptophan decaiboxylase in guinea pig and hog kidney 
(1-3) 

Although a pyridoxal phosphate lequnement has been demonstrated foi 
a niunbei of armno acid decaiboxylases (4-7) and it has been indicated 
that such a lequnement may exist for 5-hydioxytiyptophan decarboxyl- 
ase (1, 3, 8), conclusive demonstiation of this lelationship foi the latter 
enzyme has not been made The results presented here show a pyridoxal 
phosphate lequnement and desciibe several othei chaiacteristics for this 
reaction in lat kidney homogenates 

EXPERIMENTAL 

Materials — 5-Hydroxy-DL-tryptophan, 5-hydroxytryptamine cieatimne 
sulfate, pyiidoxal hydrochloride, thiamine pyiophosphate, and sodium 
^-glycerophosphate were obtained from the Nutritional Biochemicals 
Corporation Pyridoxaimne phosphate and pyiidoxal phosphate (97 to 
103 per cent purity) were puichased from the California Foundation for 
Biochemical Reseaich Adenosme-5-phosphoric acid was obtained from 
the Schwarz Laboratories, adenosine triphosphate (potassium) from the 
Sigma Chemical Company, Inc , and pyiidoxine hydrochloride from Meick 
and Company, Inc 

Samples of p-chloiomeicuiibenzoic acid, Y-(p-aisenosophenyl)butyric 
acid, and o-iodosobenzoic acid were kindly supphed by Di L Hellerman 

Methods — Male albmo rats, 3 to 5 months old, were decapitated, and the 
kidneys were removed and homogemzed m 4 0 ml of distilled water with 
a Potter-Elvehjem tissue grinder After 10 minutes of agitation with No 
gas, 0 3 ml of the homogenate (20 to 25 mg of dry weight) was added to 
20 ml beakers contaming 10 pmoles of 5-hydroxy-DL-tryptophani m 1 0 

* A brief report of this study was given before the American Society of Biological 
Chemists, April 15-19, 1957, in Chicago, Rlinois 

^ The following abbreviations are used throughout this paper 5-hydro\y-DL- 
tryptophan, 5-HT, 5-hydro\ytryptamine, 5-HTA, adenosine-5-phosphoric acid, 
AAIP , adenosine triphosphate, ATP, 2,3-dimercaptopropanol (British anti-Lewisite), 
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ml of 0 1 N sodium pyrophosphate bulfer, pH 8 0, pieviously gassed with 
nitrogen foi 5 minutes, and the contents were made to a final volume of 
3 0 ml with buffei All the pieparations were made at 0-3° The reac- 
tion was earned out in a nitiogen atmosphere at 38° m a Dubnoff metabohc 
incubatoi 

At the end of the incubation, 3 0 ml of 10 per cent tiichloioacetic acid 
were added, the supernatant fluid, after centiifugation, was appropiiately 
diluted with boiate buffer (9), and 5-HTA was detei mined spectiophoto- 
metiically oi colonmetrically (9) 

For the inhibitoi studies, the homogenate desciibed above was used 
To the mam compartment of a standaid Warbuig flask with a double side 
arm were added 0 3 ml of homogenate and 2 1 ml of pyrophosphate buf- 
fer containing sufficient inhibitor to give the indicated final concentia- 
tion Aftei a 5 minute tieatment with No gas m the cold and a 10 min- 
ute temperatuie equilibiation, 10 /imoles of 5-HT in 0 3 ml of buffei weie 
tipped in fiom one side arm The flasks weie incubated at 38° for the 
indicated peiiod aftei which the compound utilized to test reveisal of inhi- 
bition (pyiidoxal phosphate, cysteine, etc ) was added from the second 
side arm Incubation was continued as stated The leaction uas 
stopped and analyses weie earned out as described above 

Appropiiate blanks weie included when required All data for 5-HTA 
foimation aie expiessed m terms of dry weight of homogenates used 


RESULTS AND DISCUSSION 


Under the conditions described, the optimal pH was 8 0 and the rate of 
foimation of 5-HTA was a hneai function of time (Table I) in agreement 
with data reported for 5-HT decarboxylase in guinea pig kidney (1) The 
addition ^n mtro of 500 j (2 02 /Ltmoles) of either pyridoxal phosphate oi 
pyridoxamine phosphate resulted in gi eater than a 2-fold increase in activ- 
ity Pyridoxal hydrochloiide and pyiidoxine hydrochloride were in- 
effective in this system (Table II) 

These results could have been related to destruction of a required endog- 
enous organic phosphate during the experiment Investigation demon- 
strated that neither phosphatase inhibitors (0 01 m fluonde or citrate pres- 
ent during homogemzation and incubation) nor organic phosphates (30 
(imoles of sodium /3-glyceiophosphate, 1 05 /imoles of thiamine pyrophos- 
phate, 2 02 /mmoles of AMP or 10 ^imoles of ATP) significantly altered the 
5-HT decarboxylase activity of rat kidney homogenate Further study 
revealed that as little as 0 04 iimole of pyndoxal phosphate (1 35 X 10 
m) caused a maximal increase in activity with half maximal activation ob- 
tained at 2 X 10~® M pyridoxal phosphate Since the addition ® ^ 
;imole oi pyridoxal phosphate caused an actual inciease of 2 ;imoles m 
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HTA foimation, the effect is catalytic, as expected of a cofactor These 
findings indicate also that the obseived stimulation of activity with either 
pyiidoxal phosphate oi pyiidoxannne phosphate was not the lesult of non- 
specific piotection of othei oiganic phosphates which might be piesent in 
the homogenate The possibility that endogenous phosphoiylated pyri- 


Table I 

B-HTA Formation As Function of Time 


Incubation tune 

5 HTA formed, /xmoles per 100 mg 

Control 

Pyndoxal phosphate added 

hrs 



2 

2 38 

6 02 

4 

5 02 

11 92 


The conditions were described under “Experimental ” 2 02 jumoles of pyridoxal 
phosphate added when present 


Table II 

Effect of Pyndoxine Derivatives on 5-HT Decarboxylase 


Addition 

No of experunents 

5 HTA fomii 
per 100 mg 

Mean ± 

:d, MUioles 
per hr 

Standard error 

None 

11 

1 14± 

0 02 

Pyndoxine hydrochloride 

2 

1 36 


Pyndoxal “ 

2 

1 36 


“ phosphate 

6 

2 84± 

0 01 

Pyndoxamine phosphate 

2 

2 82 



The conditions were as described under “Experimental,” 500 y (2 02 to 2 45 
Mmoles) of pyndoxine derivatives were added when present 


doxme derivatives weie destioyed by othei systems, e gr by conversion to 
pyndoxic acid (10), duiing the experiment is not ehminated by these data 
The effect of supplemental pyndoxine in the diet was investigated A 
gioup of lats was placed on the stock diet supplemented additionally with 
20 mg pel kilo of pyndoxine hydrochloiide Aftei 7 to 10 days on this 
diet, the 5-HT decaiboxylase activity of the kidneys of these lats was de- 
ternuned with and without the addition in mtro of pyndoxal phosphate 
The lesults of typical expeiiments aie piesented in Table III The 5-HT 
decaiboxylase activity of the stock kidney was sigmficantly increased by 
the admmistration of supplemental pyndoxine in the diet This finding 
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IS not unexpected m view of the leport that the codecaiboxylase content 
of rat tissue can be increased by feeding pyndoxine hydrochloride in excess 
of the amount requiied foi optimal growth (5) The addition in mtro of 
pyridoxal phosphate caused an inciease in the kidney 5-HT decarboxylase 
activity m both stock- and pyiidoxine-supplemented lats, although, when 
compared to the corresponding contiol values, this increase was not as 
marked m the supplemented i ats as m the stock i ats An inci eased endog- 
enous supply of codecarboxylase m the supplemented rats (5) could have 
accounted foi these results 

Hydroxylamine Inhibition and Revet sal — Clark et al (1) have reported 
that, at pH 6 0, pyridoxal phosphate would not overcome semicarba- 
zide inhibition of hog kidney 5-HT decarboxylase In their study 0 81 
/xmole of pyridoxal phosphate (3 X 10~^ m, assuming a final volume of 2 7 

Table HI 


Effect of Supplemental Dietary Pyndoxine on 5-HT Decarboxylase 


Diet 

Pyridoxal 
phosphate 
added in nlro 

S HTA formed, 
pmoles per 100 mg 
per hr 

Per cent 
increase 

Stock 


1 20 


« 

+ 

3 02 

152 

“ + pyndoxine 


2 21 


it t( 

+ 

3 29 

1 

49 


The conditions were as described under “Experimental ” When present, 2 02 
yumoles of pyridoxal phosphate were added 


ml ) and 10~^ m semicaibazide were used Although the pyridoxal phos- 
phate was not added m stoichiometric excess, reveisal of seimcarbazide 
inhi bition of dopa decarboxylase was obtained under these conditions (1) 
It was thought desirable to ascertain whether a true stoichiometric excess 
of the cofactor could oxercome the inhibition of 5-HT decarboxylase by a 
carbonyl reagent The results obtained with hydioxylamine (5 X 10“'* n) 
and pyridoxal phosphate (1 X 10~^ m) aie presented m Table IV 
The addition of excess pyridoxal phosphate overcame the hydioxylanune 
inhibition of 5-HT decaiboxylase That these results are due, at least in 
pait, to a true reversal and not merely to pyridoxal phosphate activation 
of the uninhibited portion of the enzyme can be seen from a consideration 
of the kinetics of the reaction In the presence of 5 X lO”'* M hydroxyl- 
armne, 33 0 per cent of the enzymatic activity was unaffected by the inhib- 
itor This would be equivalent to 9 6 mg of dry weight of homogenate 
From Table I it can be calculated that maximal activation of this amount 
of enzyme by pyridoxal phosphate would result m an additional 0 173 
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Aimole of 5-HTA per hour If the results of pyudoxal phosphate addition 
to the inhibited reaction (Table IV) were meiely the result of activation of 


Table IV 

Effect of Pyndoxal Phosphate on Hydroxylamine Inhibition of 
Rat Kidney 5-HT Decarboxylase 


Additions 

S HTA fon 
per 100 m 

Total 

ned, ^moles 
ig per hr 

Net 

1 Substrate only 



2 (1) -f NH 2 OH (5 X 10-* M) 



3 (2) -f pyndoxal phosphate (10 X 10“^ m) 

1 31 

1 21 

4 Pyndoxal phosphate, no substrate (10 X 10~* m) 

0 10 



Conditions 2 1 ml of 0 1 ii Na pyrophosphate buffer, pH 8 0, and 0 3 ml of ho- 
mogenate (29 mg of dry weight) in the main compartment After gassing and equi- 
libration (see “Experimental”), 10 /imoles of 5-HT were tipped in from one side arm 
and incubated for 1 hour Pyndoxal phosphate (3 0 /imoles) was then added from 
the second side arm and incubated for 1 hour Final volume 3 0 ml , incubated for 
a total of 2 hours in Nj, 38° 


Table V 

Effect of BAL and Cysteine on Inhibition of Rat Kidney 5-HT Decarboxylase 



5 HTA formation, /unoles per 100 mg per hr 

Inhibitor (lO"* u) 

Control 

Cysteine 

BAL 


5 HTA 

Per cent 
inhibition 

5 HTA 

Per cent 
inhibition 

5 HTA 

Per cent 
inhibition 

None 

2 58 


2 80 




p-Chloromercuribenzoate 

0 78 

69 8 

1 31 

53 2 



o-Iodosobenzoate 

1 36 

47 4 

2 12 

24 3 

1 70 


p-Arsenosophenylbutyrate 

0 66 

74 4 

0 86 

69 4 

0 79 



Conditions The conditions were described under “Experimental ” Homogenate 
was prepared in cysteine or BAL to give a final concentration in the flask of 5 X 10 ^ 
M Each beaker contained 0 10 fimole of pyndoxal phosphate Incubated for 2 
hours, 0 1 m pyrophosphate buffer, pH 6 6, in N 2 , 38° Similar results obtained at 

pH 8 0 

the uninhibited portion of the enzyme, the net 5-HTA formed would have 
been 0 50 pmole rather than the observed 1 21 pmoles It is clear that 
both reveisal and activation occuried The mabdity of Clark et al to 
overcome such inhibition of hog 5-HT decarboxylase by the addition of 
pyndoxal phosphate may have been due partially to pH effects These 
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workers reported data from studies earned out at pH 6 0, where the activ- 
ity of the enzyme was about one-thiid that at the optimal pH 8 0 (1) 
Effect of Sulfhydryl Inhibitors — 5-HT decarboxylase was inhibited by 
10~^ M p-chloromeicuribenzoate, o-iodosobenzoate, and Y-(p-arsenoso- 
phenyl) butyrate These inhibitions could not be overcome or prevented 
by 5 X 10~^ M cysteine or HAL (Table V) Incieased concentiations of 
substrate or of pyridoxal phosphate also failed to alter the inhibition due 
to p-chloromercuribenzoate Since mhibition was not obtained with 10~’ 
M benzoate or cmnamate, these results are taken to mdicate that the ob- 
seived inhibitions weie due to non-specific heavy metal or oxidative action 
rather than to specific involvement of the thiol groups 
Effect of Cations — Marked inhibition of 5-HT decarboxylase activity 
was obtamed by 10~® m cupric ions at both pH 6 6 and 8 0 Fe++, Fe++^, 

Mg++, and Mn"^ had no effect on the activity and, as already mentioned, 
neither 0 01 m fluoride nor citrate inhibited the leaction These data can- 
not be mterpreted as indicating that none of the cations tested are essen- 
tial for the formation of 5-HTA since the ions could be present m non- 
limiting concentrations m the homogenates used 

SUMMARY 

It has been demonstrated that rat kidney 5-hydroxytryptophan decar- 
boxylase reqmres pyridoxal phosphate as a cofactor Data are also pre- 
sented which indicate that this enzyme does not reqmre thiol groups for 
activity Cupric ions were found to be inhibitory but several other 
cations were without effect on the reaction under the conditions used 
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LIVER FRUCTOiaNASE* 


By R E PARKS, Jr ,t EZRA BEN-GERSHOM,t and HENRY A LARDY 

(From the Department of Btoehemtstry and the Institute for Enzyme Research, 
University of Wisconsin, Madison, Wisconsin) 

(Received for publication, January 18, 1957) 


An investigation of the fiuctokinase of livei was undertaken because 
of the importance of this enzyme foi fiuctose metabolism and because of 
its mterestmg kinetic behavior Heis (1) leported that the enzyme re- 
quires an unusually high concentiation (1 to 2 m) of potassium ion for opti- 
mal activity The enzyme was also found to lespond anomalously towaid 
oxygen Vestling et al (2) and Con et al (3) demonstiated that fructose 
phosphorylation is much gi eater m an than undei anaeiobic conditions 
It was not immediately appaient how oxygen was involved m this piocess 
smee the piimary reaction is simply that shown in Reaction 1 

liver 

(1) Fructose -f ATP> — ;; ; > fructose 1-phosphate -J- ADP 

fructokmase 


(2) Creatine phosphate + ADP 

(3) Fructose + creatine phosphate 


ATP-creatine , . 

; ; ; > creatine + ATP 

transphosphorylase 

— > fructose 1-phosphate -J- creatine 


The possibility that ATP becomes limiting undei anaerobic conditions 
was eliminated as the explanation of the decreased fructose consumption 
(3, 4) Pievious workers seem not to have exploied the possibility of 
product inhibition One of the reaction products, fructose 1-phosphate, 
could be ruled out as the inhibitoi because the addition of fluoiide, which 
causes greatei accumulation of fructose 1-phosphate, did not inhibit fiuc- 
tose utilization (3) To test the possibility that ADP inhibits fructokmase 
we added creatine phosphate and purified muscle ATP-creatme trans- 
phosphorylase (5) m non-limiting amounts to the livei fructokmase assay 
system Under these conditions ADP is converted to ATP (by Reaction 
2) as rapidly as it is foimed Preventing the accumulation of ADP in 


* Supported in part by grants from the United States Public Health Service and 
from the Life Insurance Medical Research Fund 

t Fellow of the American Cancer Society, 1951-54, presently. Scholar in Medical 
Science of the John and Mary Markle Foundation, Department of Pharmacology, 
University of Wisconsin 

t Present address. Department of Physiological Chemistry, University of Am- 
sterdam 

^ The following abbreviations are employed adenosine triphosphate, ATP , adeno- 
sine diphosphate, ADP, tris(hydro\ymethyl)aminomethane, Tris 
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this manner was found to enhance fructokinase activity greatly More- 
over, it brought about a proportionality between amount of enzyme and 
fructose disappeaiance, thus providing an accuiate and reproducible assay 
foi aid in puiification Since oxidative phosphoiylation will also result 
in lemoval of ADP, it is likely that the effect of aeiobic conditions on 
fiuctokinase activity results fiom the removal of this inhibitor 

With this assay it has been possible to purify beef liver fructokinase 
well beyond the 10- to 20-fold inciease in specific activity lepoited by 
earhei workers (1, 6, 7) To date we have developed a rehable procedure 
for purifying the enzyme 150-fold Some preparations have been earned 
through additional purification to 600-fold, but, even at this stage, 100,000 
gm of the protein phosphorylate only 150 moles of substrate per minute 
at 30° This report deals mainly with cofactor and kinetic studies 

Results 

In confirmation of earher woik (2), we found m prehmmaiy experiments 
with homogenates of rat hver that additions of an oxidizable substrate 
such as a-ketoglutaric acid doubled the rate of fiuctose disappearance at 
low enzyme concentration The stimulation was even greater at higher 
enzyme concentrations, for in the presence of this substrate there was a 
nearly hnear relationship between amount of homogenate added and 
fructose disappeaiance 

Additions of creatine phosphate and ATP-creatine tiansphosphorylase 
enhanced fructose disappearance even more than did the oxidizable sub- 
strate No stimulation of fructokinase activity occurred when either 
creatine phosphate oi the transphosphorylase was added separately 

Fig 1 shows the effect of adding the creatine phosphate system at zeio 
time and after 15 mmutes Rat liver homogenate (1 5 in 0 15 ai KCl) was 
employed as the fiuctokinase source in this experiment The response 
to added creatine phosphate was similar regardless of the time of addition 
This IS considered to be strong evidence that ADP is the only significant 
fructokinase inhibitor produced In other experiments it was found that 
inclusion of the creatine phosphate system results in hnearity between 
fructose disappearance and fructokinase increment in non-particulate hvei 
piepaiations as it does mth liver homogenates This made purification of 
the enzyme feasible 

Cofactors and Kinetic Studies 

All experiments which follow were performed with a fructokinase prepa- 
lation purified approximately 400-fold fiom beef liver 1 mg of piotein 
in this preparation catalyzed the disappearance of about 1 //mole of fruc- 
tose per mmute at 30° under optimal conditions 
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Table I demonstiates the effect of vaiious concentiations of twice re- 
ciystallized ATP-cieatine transphosphoiylase on fiuctokinase activity in 
the piesence of 5 dim cieatine phosphate Maximal activation is pioduced 


30r 


PHOSPHOCREATINE SYSTEM 
ADDED AT 15 MINUTES 


PHOSPHOCREATINE 
ll- SYSTEM ADDED 
AT 0 TIME 



5 10 15 20 25 

TIME IN MINUTES 


Fig 1 Effect of adding phosphocreatine system at different times The reaction 
mixture contained 3 3 mv fructose, 5 mM MgSOj, 16 mM potassium phosphate buffer, 
pH 7 3, 40 imi KF, 3 3 mai ATP, and 6 2 mAi KCl The phosphocreatine system con- 
sisted of 4 /imoles of creatine phosphate and 0 2 mg of ATP-creatme transphosphoryl- 
ase per ml of reaction mixture Incubated at 30° 


Table I 

Role of ATP-Crealine Transphosphorylase in Maintaining Fruciokinase Activity 


ATP-creatme transphosphorylase concentration 

Fructose disappearing in 10 min 

units per ml 

nmoles 

0 

0 29 

0 001 

0 30 

0 01 

0 40 

0 10 

0 88 

1 0 

1 03 

5 0 

1 08 

10 0 

1 08 

100 0 

1 1 09 

100 0 (no fructokinase) 

0 


The system contained 2 /xmoles of fructose, 2 ^imoles of MgSO<, 10 /jmoles of phos- 
phate buffer (potassium salts), pH 7 3, 2 /imoles of ATP, 5 /imoles of creatine phos- 
phate, and 0 1 unit of purified fructokinase in a final volume of 1 ml Incubation time 
10 minutes at 30° 

by about 1 umt (20 y) of the transphosphorylase per ml Omission of 
fructokmase from the system abolished fiuctose disappearance even m the 
presence of 100 units (2 mg ) of ATP-cieatme transphosphorylase Unless 
stated otherwise, 10 units (200 7) pei ml of the transphosphorylase were 
used routinely in all subsequent expeiiments 
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The effect of vaiying the concentration of cieatine phosphate on the 
activation of liver fiuctokinase is shown in Fig 2 Maximal activation 
Avas achieved AAath 5 mM cieatme phosphate In this expeiunent, slight 
inhibition fiom maxmial activity occurred Avhen moie than 5 mM cieatme 
phosphate Avas employed (see the inset of Fig 2) We Aveie unable to 
explain this inhibition until the importance of maintaining an Mg++ ATP 
latio of at least 1 0 was realized (to be discussed beloAA) In this experi- 
ment both the ATP and Mg++ concentrations Avere 2 niM Appaiently, 
binding of Mg++ by high concentrations of cieatme phosphate effectively 
loAAered the Mg++ ATP latio beloAV the critical value of 1 0 When this 




Fig 2 Stimulation of livei fructokmase by various concentrations of creatine 
phosphate The reaction system was similar to that described in Table I except 
that 0 05 unit of fructokmase per ml was added 

Fig 3 Determination of apparent Michaehs constant for ATP Phosphocreatine 
system present in non-limiting concentrations 3 mM MgS 04 to minimize effect of 
binding of Mg++ by creatine phosphate 

expeiiment Avas lepeated AAuth 5 mM Mg++ and 2 mM ATP, no inhibition 
of fructokmase occuiied when cieatme phosphate Avas added m excess of 
5 fimoles per ml (8) 

It Avas obseived that the rate of fiuctose disappeaiance was appioxi- 
mately lineai Avith time even when only 0 4 jumole of fiuctose per ml re- 
mained m the reaction mixtuie This confiims earher obseivations (1) 
that the enzyme has a gieat affinity for fructose, ^ e , the Michaelis con- 
stant foi this sugar is less than 4 X 10“^ ai 
The broad (pH 5 5 to 8) pH optunum lepoited by Hers (1) has been 
con&med with the puiified enzyme ^ 

Nucleotide Requirement— The Michaehs constant (A*) for the Mg - 
ATP complex was detei named by Hers (9) employing a 20-fold Punned 
prepaiation of beef liver fructokmase He reported values of 5 4 X 10 
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II in the absence of Iv+ and 1 X 10"^ m in the piesence of 1 0 M K+ These 
deteinnnations weie made m the absence of a mechanism foi removing 
ADP 

When the K, foi ATP was detei mined with pmified beef hver fructo- 
kmase, and ivith the addition of non-lmnting amounts of Mg++ and the 
cieatine phosphate system, a value of 2 1 X 10"^ M was obtained (Fig 3) 
This IS about 5 tmies lowei than the lessei value lepoited by Heis (9) 
The cieatme phosphate system i\as demonstiated to be non-limiting, 
since doubling its concentiation had no effect on the leaction late at low 
ATP concentiations 

When Ka is detei mined m this fashion, ATP is regeneiated as it is con- 


Table II 

Inhibition of Fruclokinase by ADP 


Added ADP 

Fructose disappearance m 20 mm 

5 mu ATP 

10 mu ATP 

M 

nmole 

Itmole 

0 

0 58 

0 56 

0 005 

0 18 

0 20 

0 010 

0 11 

0 11 

0 015 

0 05 

0 08 

0 020 

0 00 

0 02 


The reaction mixture contained 20 mM K+, 50 imi Mg++, 10 mM phosphate buffer, 
pH 7 4, 2 mm fructose, and 0 28 unit of beef liver fructokinase pei ml Creatine 
phosphate system omitted 


sumed and its concentiation does not deciease significantly during the 
course of the leaction Consequently the leaction late does not decline 
progiessively as it would with limiting amounts of ATP m the absence of 
an ATP-regeneiating system This makes possible the deternunation of 
veiy low Ka values for ATP or ATP-metal complexes, some of which weie 
not measuiable pieviously with the available assays 

Inosme tiiphosphate and uiidine tiiphosphate m concentrations of 5 
niM cannot replace ATP in the fiuctokmase leaction A sample of crystal- 
line ATP, in which no other nucleotides weie demonstiated by papei 
chiomatogiaphy, was fully active 

Inhibition by ADP — When ADP was added to the leaction mixture and 
the cieatme phosphate system omitted, fiuctokmase activity was stiongly 
inhibited (Table II) Inci easing the ATP concentiation fiom 5 to 10 mu 
did not reveise this inhibition Enzymatic activity nas completely sup- 
pressed by the piesence of 20 mu ADP It should be pomted out that the 
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inhibition occuiring m this expeiiment was supenmposed upon the aheady 
piofound inhibition caused by omission of the creatine phosphate system 
Monovalent Cation Requirement — Hers (9) was unable to demonstrate an 
absolute lequirement for potassium or other alkali metal ions with a 20- 
fold puiified piepaiation of beef liver fructokinase Howevei, a maiked 
stimulation of enzymatic activity was encountered when the potassium 
concentration was increased to exceedingly high levels, i e 1 to 2 ai de- 
pending upon the Mg++ and ATP concentrations The more purified 
pieparation described here has yielded markedly different results 
When all acidic reaction components were neutralized with Tris, the 
enzyme was without activity in the absence of potassium, certain alkali 



Fig 4 Requirement of liver fructokinase for K+ Tris salts of ATP and creatine 
phosphate were used The reaction mixture contained 5 niM phosphocreatine, 5 mM 
ATP, 10 mM MgSOi, 10 mM Tris sulfate, pH 7 3, and 2 mM fructose 

metal ions, oi ammonium ions Maximal activation ivas effected by 20 
niM potassium (Fig 4) and the Michaelis constant foi this cation was 5 2 X 
10~^ M With the moie puiified enzyme the activation by potassium was 
found not to be affected by the Mg++-ATP concentration as it was m Hers’ 
woik (9) Repetition of the experiment summaiized in Fig 4 but with 2 
lUM ATP and 4 ;umoles of Mg++ gave identical lesults 

Monovalent cations other than potassium will also activate liver fiucto- 
kinase with vaiyiiig degrees of effectiveness (Table III) Rubidium is at 
least as effective as potassium, whereas sodium and ammonium ions ac- 
tivate the enzyme only about 70 per cent even in 0 5 M concentrations 
Lithium and cesium ions activate only slightly in relatively high concen- 
trations We have not ruled out the possibility that the lithium and ce- 
sium samples used may be contaminated with trace amounts of potassium 
Magne^um-ATP Interrelationship— The observation first reported by 
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great as 5-fold the concentration of ATP, did not inhibit However, ex- 
cess ATP IS strongly inhibitory (Fig 5) In fact, complete mhibition of 
fructose disappearance occurred with an Mg++ ATP ratio of 1 5 This is 
further evidence in support of Heis’ (9) suggestion that the actual phos- 
phate donoi IS a magnesium- ATP chelate, although piesent evidence does 
not mdicate which of the possible chelate forms is the active substrate 
There are several possible mechamsms by which excess ATP might inhibit 
the phosphorylation of fructose Fiee ATP rmght act directly as a com- 
petitive inhibitor of the ATP-magnesium chelate which is the active sub- 
strate Excess ATP might bind the Mg++ in an inactive, or inhibitory, 
chelate form containing a highei ratio of ATP to Mg++ than is found m the 
active chelate A third possibility is that the enzyme is activated by free 
Mg++ and that addition of excess ATP lesults in removal of the Mg++ by 
chelation 


DISCUSSION 

The marked discrepancy in the response of hver fructokmase to K+ re- 
ported by Hers (9) with that observed in the present study has not been 
explained It seems probable that the difference in the purity of the en- 
zyme preparations used is somehow accountable A complicating factor 
may have been eliminated m the couise of punfying the protein to a specific 
activity greater than that used by Hers 

The study of inhibition of hver fructokmase by ADP is a comphcated 
one First of all, the experiments must be performed in the absence of an 
ATP-regeneratmg system Theiefore, the fructokmase is operating at a 
fraction of maximal efficiency, even when no mhibitoi is added Also, 
analysis of the system is made difficult by the fact that the concentiation 
of the inhibitor, ADP, increases as the leaction proceeds ADP, when 
added to the reaction mixture, seems to be a powerful non-competitive in- 
hibitor (Table II) However, with the purified enzyme, the initial reac- 
tion late IS maintained (Fig 2) even when the cieatine phosphate system 
IS omitted Under these conditions the reaction late is markedly inhibited 
from the onset when only minute amounts of ADP are present, ^ e , there 
IS no need to accumulate ADP to produce significant inhibition This sug- 
gests that ADP generated at the enzyme surface is a more powerful inhibi- 
tor than that which is added to or accumulates in the reaction mixtuie 

The striking inhibitions of fructokmase activity by ADP, and by ATP 
in excess of eqmmolanty with the Mg++ present, may play important roles 
in the legulation of metabolic processes Inhibition of enzymatic reactions 
by a product is a common phenomenon The ADP-fructokinase relation- 
ship parallels the inhibition of hexokinase by glucose 6-phosphate e 
scribed by Crane and Sols (10) The inhibition of an enzymatic reaction 



R E PARRS, JR , E BEX-GERSHOM, AND H A LARDY 


239 


bj’- an excess of substiate is not an unusual phenomenon (11) The unique 
aspect of the inhibition by ATP is the fact that, in the Michaehs region, 
slight alteiations of ATP oi Mg++ concentiation may have lelatively gieat 
effects on leaction velocity This behavioi suggests the possibility that 
contiol of cellulai en73mies niaj'^ be exeited undei normal conditions by the 
alteiations of ATP oi ]\lg++ conceiitiations associated with various physi- 
ological processes Seveial ATP-iequning enzj’-mes aie susceptible to this 
type of inhibition (12) and it seems likely that more will be found to be 
similaity affected 


EXPERIMENTAL 
Materials and M ethods 

The nucleotides weie the best grade available fiom the Pabst Laboia- 
tones 01 Sigma Chenncal Company Cij'^stalhne sodium phosphocreatine 
was sjmthesized by a modification (13) of the original method of Ennoi and 
Stocken (14) Foi studies of the role of monovalent cations, the baiium 
salts of creatine phosphate and of the nucleotides were converted to the 
Tiis salt by the addition of Tns sulfate The solutions weie adjusted to 
pH 7 4 by addition of Tiis in the free base form Solutions of the sodium 
salts of nucleotides weie brought to the same pH with 2 n NaOH All 
other reagents v ere c p or analytical grade 
Twice reciystallized ATP-creatine tiansphosphorylase was prepared 
from rabbit muscle by Procedure B of Kuby, Noda, and Laidy (6) 
Enzymatic activity was determined by measuring the disappeaiance of 
free fructose (15) fiom the leaction mixtuie after depi oteinization with 
barium hydroxide-zinc sulfate (16) For assaying activity duiing the iso- 
lation proceduie, optimal conditions for fructokinase and an excess of the 
ATP-creatiue transphosphorylase were employed The reaction mixture 
contained sodium ATP, 0 004 m, Mg++, 0 02 m, K+, 0 02 m, NaF, 0 062 m, 
glycylglycme buffer, pH 7 3, 0 12 m, creatine phosphate 0 01 m, and 10 
units of ATP-creatine transphosphoijdase per ml A unit of fructokinase 
is defined as that amount of enzyme which catalyzes the phosphoiylation 
of 1 //mole of fructose in 1 minute at 30° undei conditions of maximal ac- 
tivity Protein was determined by the biuiet method in all steps of puri- 
fication except that the nitrogen content of the livei homogenate was 
determined by nessleiization aftei peichloiic acid digestion Specific 
activity IS defined as umts of fiuctokinase per mg of protein 

Punficaiton of Fructokinase 

Extraction — The initial studies weie performed u ith lat liver homogenate 
piepaied m 0 15 Ai KCl These pieparations catatyzed the disappeaiance 
of about 2 5 to 5 0 //moles of fructose per minute per gm of hver 
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Beef livei was used as the souice of fructokinase for punfication because 
it IS available in large quantity It has about one-fifth as much fructo- 
kinase activity per gm as does lat liver The hvei is sliced and chilled in 
ice as soon as it is removed from the slaughtered animal The slices are 
freed of fat and connective tissue and repeatedly washed in ice water to 
remove blood 1 kilo of liver is passed through a meat chopper and stiried 
with 3 liters of 0 15 m phosphate buffer, pH 7 8, at -|-2° for 2 hours The 
extract, collected by filtration through cheesecloth, is brought to pH 6 5 
with cold 5 N acetic acid (about 80 ml ) and the precipitated protein is re- 
moved by centiifugation The protein solution is passed through cheese- 
cloth to lemove particles and is then brought to pH 6 0 Because the 
quantity of fiuctokinase in diffeient beef livers varies greatly, from 400 to 
750 units aie recovered at this stage The specific activity is about 0 014 
which lepresents a 3 9- to 5 7-fold purification over the liver homogenate 
A wide variety of procedures for exti acting the enzyme has been tned 
That described above has given the greatest yields of enzyme and highest 
specific activities 

First Methanol Fractionation — The extract is mixed with one-ninth its 
volume of 0 5 M potassium phthalate, pH 6 0, and the mixture is bi ought 
to a final concentration of 40 per cent methanol by slow addition of 80 per 
cent methanol cooled to — 10° During the addition, the tempeiature of 
the protein solution is kept below 4-5° The rmxtuie is then warmed (in 
a 40° bath) to 20° and held at 20° until the denatured pi otein settles and 
the solution clears This usually lequires 10 to 15 minutes The pre- 
cipitate, which contains little oi no activity, is lemoved by centnfugation 
The methanohc solution is then placed in a bath at —15° and stirred 
When the temperatuie leaches — 10°, 1 5 volumes of 90 per cent methanol 
(at — 10°) are added slowly to bung the final methanol concentration to 
70 per cent The mixtuie is held at — 10° for an houi and the precipitate 
IS collected by centrifugation or gravity filtration at — 10° The enzyme 
IS extiacted fiom the precipitated pioteins by Stirling repeatedly with 0 05 
M phosphate, pH 7 0, in such portions that the methanol concentration of 
the extiacting liquid will not drop below 15 pei cent Thefouith extrac- 
tion IS made with 0 05 m phosphate containing 15 pei cent methanol The 
volume of the combined extracts should approximate one-fourth to one- 
fifth of the volume of the original hvei extract This fractionation accom- 
plishes a 14-fold purification ovei the oiigmal extiact with a lecovery of 
85 to 90 pel cent of the activity The specific activity is about 0 20 
Glycogen Digestion — The extract is bi ought to approximately pH 7 with 
1 X KOH and 0 3 gm of NaCl is added 4 ml of clarified saliva are added 
and the solution is warmed to 30° After keeping the solution at this tem- 
perature for 15 minutes, it is chilled to 0 
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Second Methanol Fractionation — Tlie solution is adjusted to pH 6 0 with 
5 N acetic acid and one-nintli of its volume of 0 5 ji potassium phthalate 
buffer, pH 6 0, is added The methanol concentration in the solution is 
computed by taking into account the added KOH, saliva, acetic acid, and 
phthalate solutions The methanol content is then bi ought to 40 per cent 
by the addition of SO pei cent methanol as is described for the first step 
above The mixture is kept at 0° foi 1 hour befoie centnfuging to re- 
move the precipitate which is discaided The supernatant solution is 
cooled to — 10° and the piecipitate which forms is collected by centnfuging 
It contains a small part of the total activity w ith a specific activity of 0 05 
to 0 10 and can be sa\ ed and added to subsequent batches The methanol 
content of the solution is brought to 60 per cent by adding tw o-thirds of a 
volume of 90 pei cent methanol at —10° After standing overnight at 
— 10°, the precipitate is collected and dissolved in sufficient 0 05 m phos- 
phate buffer to make approximately 100 ml This second methanol step 
results in a 1 8- to 2-fold puiification (specific activity 0 30 to 0 40) About 
54 per cent of the onginal activity is recovered If a fraction is taken be- 
tween 54 and 60 per cent methanol, about 30 per cent of the total yield can 
be obtained wnth a specific activity of 0 38 to 0 42 The procedure to this 
stage IS readily reproducible and results in about 150-fold punfication 
Further punfication to specific activity of 1 5 has been achieved by frac- 
tionation with ethanol in the presence of 0 1 ai magnesium acetate and 
with ammonium sulfate The latter procedures have not given consist- 
ently reproducible punfication They will theiefore not be reported until 
they have been studied sufficiently to pernut descnption of optimal con- 
ditions 


SUMMARY 

1 A procedure is described for the punfication of beef hver fructokmase 

2 The enzymatic activity is strongly and non-competitively inhibited 
by a product of the reaction, adenosme diphosphate (ADP) Addition of 
a phosphate-donating system wffiich contmually removes ADP mcreased 
fructokmase activity several fold and permitted rehable estimation of en- 
zymatic activity 

3 The purified enzyme has an absolute reqmrement for both mono- 
valent and divalent cations When Mg++ fills the reqmrement for divalent 
cation, K+ and Rb+ are the most active monovalent cations, NH4+, ]Nra+, 
Cs+, and Li+ are decreasingly active while tnsfhydroxymethjdlannno- 
methane is inactive Maximal activity w as obtained w ith 0 02 m K+ 

4 For optimal activity the concentration of Mg++ must equal or exceed 
the concentration of adenosme triphosphate (ATP) Excess ATP is so 
strongly inhibitory that the reaction velocity is brought to zero when the 
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ratio ATP Mg leaches 5 1 The possible lole of this type of inhibition in 
the regulation of metabolic processes is discussed 
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THE CONCOMITANT RELEASE OF ADENOSINE 
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In the specific granules of the adrenal medulla, large amoimts of adeno- 
sine triphosphate (ATP) aie piesent together with the catechol amines 
(adrenahne and noradrenahne) (1, 2) Stimulation of the adrenal medulla 
Via its secretoiy nerves is followed by a decrease m both the ATP and the 
catechol amines (3) 

The experiments reported below were carried out m an attempt to 
elucidate further what happens to the ATP after stimulation of the adrenal 
medulla 


EXPEBIMBNTAL 

hlale sheep (body weight, 20 to 25 kilos) were chosen as experimental 
animals The adrenal medulla of sheep can be easily separated from 
adrenocortical tissue The amount of adrenal medullary tissue obtamed 
from one ammal is enough for cell fractionation Stimulation of the 
adrenal medulla was done by means of insulin (Vitrum, Ltd , 12 i u per 
kilo of body weight intramuscularly) As is well knovm, the stimulating 
effect of msuhn on the adrenal medulla is mediated by the sympathetic 
nerves 

Three expenments were performed, and in each two ammals were used 
One animal was given insulin, and the other served as a control The 
msuhn was given after 36 hours fasting (watei was given ad libitum through- 
out) Between 17 and 20 hours aftei the injection, the animals were 
killed by a blow on the head and subsequently bled Hypoglycemic symp- 
toms M^ere noted about 12 hours after the insulin injection, although no 
convulsions occurred Animal 6 (Table I) died about 17 hours after the 
injection of msuhn The adrenals were taken out and chilled with ice as 
soon as possible (12 to 15 minutes after death, except for Animal 6, m this 
case the inteival in question is not exactly known but did not exceed 80 
minutes) The adrenal medulla was separated from the cortical tissue, 
weighed, and homogenized in 5 ml of 0 3 m sucrose (4) The samples were 
kept cool in ice throughout the preparations 

Cell Fractionation — The homogenate was freed from cells, nuclei, con- 
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nective tissue, etc , by centrifugation at 800 X fir for 4 minutes The 
sediment (Fraction Si) was extracted with 0 4 n chilled perchloric acid 
(PCA) The extract was analyzed for catechol amines and proteins as 
well as for inorganic and acid-labile phosphate The supernatant fluid 
was spun at 7000 X g for 60 nunutes at + 1 ° The sediment (Fraction Gl) 
contaimng the specific medullary granules and the supernatant flmd 
(Fraction Al) contaming the extragranular cytoplasm, including the 
“microsomes,” were also treated with chilled PCA (final concentration 
0 4 n) 

Assay Methods — Inorgamc (Po) and acid-labile phosphate (Ps, hydrol- 
ysis at 100° in N HCl for 8 minutes) was determined accordmg to Fiske 
and Subbarow (5) The total amount of adrenaline and noradrenahne 
was assayed according to the colonmetnc method of von Euler and Ham- 
berg ( 6 ) The PCA precipitates were analyzed for protein accordmg to the 
biuret method of Cleland and Slater (7) 

Ion Exchange Chromatography — ^The pH of the PCA extract of Fraction 
Gl was immediately adjusted to about 7 with chilled KOH The precip- 
itate (KCIO 4 ) was washed with distiUed water, which was then added to 
the extract An aliquot of the neutrahzed extract was passed through a 
cation exchange column (Dowex 50, 150 to 300 mesh, 30 mm X 80 sq 
mm ) in order to remove the catechol amines and other interfering material 
In Experiment 1 (Ammals 1 and 2 ) the hydrogen form of the ion ex- 
change resin was used It was found, however, that adenosine and adeno- 
sine monophosphate (AMP) were taken up by the hydrogen form Later 
on, this was avoided by passing an acetate-acetic acid buffer (pH 6 5) 
through the column before use The pH of the effluent was adjusted to 
8 5 with ammomum hydroxide The sample was then passed through an 
anion exchange column (Dowex 2, chloride form, 200 to 400 mesh, 20 
mm X 25 sq mm ) The adenosine phosphates were eluted according to 
Cohn and Carter ( 8 ) at the rate of 0 2 to 0 3 ml per minute 7 X 10 ml of 
0 003 M HCl, 7 X 10 ml of 0 02 m NaCl in 0 01 m HCl, 5 X 10 ml of 0 2 
M NaCl in 0 01 M HCl The ultraviolet absorption of the various fractions 
Avas read in a Beckman spectrophotometer, model DU 

Results 

Presentation of Data — ^As suggested by the data of Table I, it seems 
possible that the long lasting stimulation caused an increase in the v eight 
of the adrenal medulla The results therefore appear somewhat different 
when expressed in absolute terms or according to tissue weight For this 
reason both types of presentation are given 

Catechol Amines — The insulin treatment caused a marked drop in the 
catechol amine content of the adrenal medulla (Table I) On the other 
hand, the effect of stimulation on the intracellular distnbution of the cate- 
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chol amines was slight, if any In the contiol animals the extragranulai 
cj'^toplasm (Fraction Al, Table I) contained 14 to 17 per cent of the cate- 
chol amines of the total cytoplasm (Fiaction (Al -f Gl)), the corresponding 
figuie foi the stimulated animals (Nos 2 and 4) being 22 and 24 per cent 
(the high figure obseived in Animal 6 may be due to postmortal changes 
(see below and Hillaip et al (4)) It would thus seem that no marked 
accumulation of catechol amines occuired in the extiagianular cytoplasm 
during stimulation Most of the e\tiagianular catechol amines have 
piobably been released from the granules after death (4) It does not 
seem umeasonable that the granules of heavily stimulated cells have an 
increased fiagihty and are thus more easily broken during homogeniza- 
tion This would explain the somewhat higher values observed m the 
stimulated animals 

ATP and Its Split Products — In the medullary granules (Fraction Gl) 
the acid-labile P dropped to practically the same degree as the catechol 
amines (For obvious reasons this will be true, whether or not stimula- 
tion caused a real mciease m the weight of the adrenal medulla ) As usual, 
no acid-labile P could be detected m the extiagianular cytoplasm How- 
ever, this IS of httle significance, since any ATP or adenosine diphosphate 
(ADP) present outside the granules will probably be decomposed enzymat- 
ically duiing the cell fractionation, if not earlier (9) 

In Animals 1 to 4 the adenosine phosphates of the medullary granules 
were fractionated by ion exchange chromatography Most of the ma- 
terial with an adenine spectrum appeared m a fraction eluted promptly by 
0 2 m NaCl in 0 01 m HCl (Fig 1) This is m full agreement with the 
earlier experiments on cows, in which this fraction was identified as ATP 
(10) There was also good agreement between the ultraviolet absorption 
data and the values for the acid-labile phosphate 

Stimulation by insulin was followed by a marked decrease in the ATP 
fraction This decrease was practically equal to the drop in acid-labile P 
It was not accompanied by the appearance of a corresponding amount of 
ADP or AMP Neither could any adenosine, which in Experiment 2 would 
have been present m the effluent from the anion exchange column, be de- 
tected The loss of the adenine moiety of the ATP molecule from the 
granules was confirmed in Experiment 2 by leading the ultraviolet absorp- 
tion spectra of the neutralized PGA extracts and subtracting the extinctions 
accounted foi by the catechol amines (calculated from analyses of the 
catechol amine contents and the ultraviolet absorption spectra of known 
pure catechol aimne solutions) In this way absorption spectra with peaks 
at 257 to 260 m^ were obtained (data not shovm) The values for total 
adenine calculated from these cunes were in good agreement mth the 
data on ion chromatography 

No significant accumulation of adenine compounds could be detected in 
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the cytoplasm outside the granules of the stimulated medullae Appar- 
ently the adenine part of the lost ATP had disappeared from the adrenal 
medullaiy cells 

The possible splitting of ATP at stimulation might result m an accumu- 
lation of inorganic phosphate Howevei, no consistent change in the in- 
01 game phosphate is apparent from the piesent data, either m the adrenal 



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
Tube Number 


Fig 1 Ion e\change chromatography of adenosine phosphates of adrenal medul- 
lary granules of a normal and insulin-treated sheep The chromatography was per 
formed according to Cohn and Carter (8) after removal of the catechol amines by 
cation exchange Equal aliquots of the two extracts were used for chromatograph} 
The optical density at 260 m^t of the ATP fraction was 65 per cent lower in the insulin 
treated animal Practically the same difference in acid-labile P and catechol amines 
was observed (Table I, Animals 3 and 4) 

medulla as a whole oi with lespect to the inti acellular distribution The 
values observed are in essential agieement with those of noimal cows (1) 
Pi oleins — Stimulation did not appaiently affect the protein content per 
unit weight of adrenal medulla, except for a possible slight deciease in 
Anima l 6 Thus, if stimulation caused a real increase in the weight of the 
adrenal medulla (see above), there was not merely an accumulation of 
water but a parallel increase m proteins There seemed to be a definite 
effect on the intracellular distribution of proteins In the contiol animals 
the granule proteins constituted 41 to 47 per cent of the total cytoplasm 
proteins (Fraction (Al + Gl)), which is in agreement v ith earlier findings 
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in cows (11), wheieas the coiiesponding range after insulin treatment was 
35 to 36 pel cent This diffeience may be mteipieted m diffeient ways 
If stimulation caused an mcieased foimation of proteins, the newly formed 
proteins may have been piesent outside lather than inside the granules 
Another possibility would be that pait of the soluble gianule piotem was 
leleased into the extiagianulai cytoplasm Experiments of shorter dura- 
tion will piobablj'’ be necessaiy to elmunate the possible influence of new 
piotem formation In fact, such an experiment has already been carried 
out m rats (3) In this experiment a similar but much less marked change 
in the intiacellulai distribution of proteins was observed Such data may 
help to answer the question whether a damage of the granule membrane is 
responsible for the release of catechol armnes after stimulation The re- 
sults of the experiment with rats argue definitely against a profound 

Table II 

Loss of Granule Protein {per Gm of Medulla) after Stimulation 
In each experiment, the observed difference between the control and the insulin- 
treated animal is given This value is compared to the calculated loss, on the as- 
sumption that the loss of catechol amines is due to a destruction of the granule mem- 
brane 


Experiment No 

Observed loss 

Calculated loss 


per cent 

per cent 

1 

20 

36 

2 

23 

34 

3 

32 

43 


damage of the granule membrane, since only a smaU and perhaps insignif- 
icant amount of proteins was lost from the granules of the stimulated 
adrenal medullary cells The present data are less conclusive but point in 
the same direction This is shown m Table II, m which the observed drop 
in granule protein is compared with the expected decrease, calculated on 
the assumption that the release of catechol amines was due to a destruction 
of granule membrane and thus accompanied by a complete loss of soluble 
proteins (the soluble proteins were assumed to constitute 50 per cent of the 
total granule proteins, according to analyses on cow and sheep granules) 

DISCUSSION 

In the medullary granules the molar ratio of catechol amines to ATP 
IS not much above 4 1, which corresponds to eqmvalent amounts of acid 
and base Although the physiological significance of this finding is not 
yet understood, it suggests an important role of ATP m the storage and 
release of the catechol amines The present obsen^ations give further 
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support to this View In accoi dance with the earher expenments on rats 
and cats (3), stimulation of the adrenal medullae of sheep caused a drop 
in the ATP of the granules which was proportional to the decrease in cate- 
chol amines 


The important question as to whethei ATP is spht before bemg released 
from the granules is still open In the granules no accumulation of ADP, 
AMP, adenosine, or inorganic P was detectable, but this does not permit 
any definite conclusions, since the hypothetical spht products may have 
been promptly released along with the catechol amines The medullary 
granules contain a very active adenosinetiiphosphatase, which, however, 
does not attack the ATP inside the intact granules, although ATP added 
to the suspension medium is rapidly hydrolyzed to AMP (unpublished 
experiments) It is tempting to speculate that this enzymatic mechanism 
IS involved m some way or othei in the release of catechol amines Per- 
haps stimulation enables the adenosinetriphosphatase to act on the ATP 
inside the gianules 

Stimulation of the adrenal medulla did not seem to be followed by any 
marked accumulation of catechol amines, ademne denvatives, or inorgamc 
P m the cytoplasm outside the granules This would indicate that both 
catechol anunes and ATP (or its spht products) leave the cells lather 
promptly after being released from the granules However, such an accu- 
mulation might perhaps be detectable m expenments of shorter duration 

The problem of a change in the granule membrane at stimulation is 
still unsolved Although the data so far available argue against a pro- 
found damage of the granule membrane, they seem to indicate a certain 
loss of protem from the granules However, m view of the sources of error 
discussed above, it would be premature to do more than suggest such an 
effect 


Electron microscopic evidence that the granule membrane is still pres- 
ent after stimulation has been supplied by Wetzstein, who kindly showed us 
some of his not yet pubhshed electron nucrographs In another electron 
micioscopic study Sjostiand and Wetzstein (12) conclude that the adrenal 
medullary granules constitute about 3 5 per cent of the cytoplasm This 
figure was found m experiments on mice In gmnea pigs and cats the 
granules were said to present a very similar picture The corresponding 
figme obseiAmd by us m cows and sheep with use of fractional centrifugation 
is several times higher This discrepancy is thought by Sjostiand and 
Wetzstein to be due possibly to a large contamination of the granular frac- 
tion with “other cell constituents (foi instance possibly also mitochondria) 
in the centrifugation experiments However, unless the adrenal medu ae 
of mice are exceptionally poor in catechol amines, it can easily be ca cu 
lated that their figure is unreasonably low The catechol anune 
of the whole adrenal medulla is 1 2 per cent (in cows, we have o sene 
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Similar ^aIues in sheep and lats) This means that the catechol amine 
content of the cjdoplasm, i e the whole adienal medulla minus nuclei, 
connective tissue, blood vessels, etc , can hardly be below 1 7 pei cent 
Since piactically all the catechol amines of the adienal medulla are present 
in the gianules, the catechol amine content of the gianules would then be 
about 50 pel cent ((1 7 X 100)/3 5 pei cent) The ATP content of the 
gianules is about half the catechol amine content These tvo compo- 
nents togethei would thus constitute 75 per cent of the gianules Sjos- 
trand and Wetzstem state that the gianules contain a protein fiamework 
and a membrane If this protein is also taken into account, the granules 
would consist almost entiiely of sohds and thus contain httle oi no water 
With such a low watei content the sedimentation characteristics of the 
granules would be entnely diffeient from thos^ actually obseived In 
fact, there is nothing to suggest an unusually low watei content of the 
granules Unless marked species differences exist, it is hard to avoid the 
conclusion that a considerable shnnkage of the granules has occurred in 
the preparations of Sjostrand and Wetzstem This will also explain the 
wide empty spaces surrounding the granules in these preparations The 
explanation offered by Sjostrand and Wetzstem that these spaces have 
been occupied by hpides which have been dissolved during the preparation 
seems unhkely in view of the fact that the adrenal medulla is not unusually 
rich m hpides (11) The assumption of a shrinkage is further supported by 
electron microscopic measurements on direct smears, in which case the 
granules were found to be much larger than those in the fixed preparations 
of Sjostrand and Wetzstem (12) Finally, as to the possible contamination 
of the granular fraction with other cell constituents, no such components 
are visible in the pictures of Sjostrand and Wetzstem, except for a very 
small number of mitochondria This is in good agreement with our earher 
work on the purity of the granular fraction (4) 

Recently a short note by DTorio and Fade (13) appeared in which it 
was stated that insuhn treatment failed to cause anj'^ decrease in the ATP 
content of the adrenals of rabbits As no details are given, no definite 
explanation of the discrepancy between then results and ours can be 
offered However, the analyses seem to have been made on whole adrenals, 
as suggested by the low ratios of adrenaline to protein nitrogen given in a 
table In view of the fact that in the adrenals of rabbits the amount of 
medulla is small compared with the amount of cortical tissue, the ATP 
of the cortical tissue may have masked changes in the medullary ATP 

SUMMARY 

The adrenal medullae of sheep were stimulated by insuhn, the action of 
w hich is mediated by the sympathetic nei vous system 

Stimulation was foUow^ed by a decrease in the adenosine triphosphate 
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(ATP) stored in the adrenal medullary granules, which also contain the 
catechol amines (adrenahne and noradrenaline) The decrease in ATP 
was proportional to the simultaneous drop in catechol amines There was 
no corresponding accumulation of ATP m the extragranular cytoplasm or 
of split products such as adenosine diphosphate, adenosine monophosphate, 
adenosine, or morganic phosphate either in the granules or m the extra- 
granular cytoplasm 

As mdicated by data on the intracellular distribution of proteins, the 
concomitant release of ATP and catechol amines does not seem to be due 
to a destruction of the granule membrane 

This work was aided by a grant from the Swedish Medical Research 
Council , 
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Although mature (non-nucleated) human erythrocytes metabolize glu- 
cose principally to lactic acid via the glycolytic scheme (2-4) , considerable 
evidence has been obtained by Warburg et al (5) and others that these 
cells also contain the enzymes of the “phosphogluconate oxidation” path- 
way (6-8) In the initial phase of this pathway, glucose is converted oxi- 
datively to ribose 5-phosphate, according to the following diagram ^ 


Glucose 


hexokinase 
> 


ATP, Mg++ 


G-6-P 


G-6-P dehydrogenase 
TPN 


6-phosphogluconate — ^ nbose 5-phosphate 

TPNH, produced by the G-6-P dehydrogenase reaction, is oxidized by mo- 
lecular oxygen (9) 

Harrop and Barron (10), Michaehs and Salomon (11), and Warburg et al 
(5) first called attention to the mteresting fact that the extremely low level 
of glucose oxidation in mature erythrocytes is stimulated 20- to 50-fold 
in the presence of catalytic quantities of methylene blue and certain other 
dyes, thus suggestmg that the oxidation of TPNH is limited ordinarily m 
the cell only by the deficiency of an electron carrier or coenzyme Kiese 
(12) later demonstrated that glucose oxidation in erythrocytes can be 
linked also to the reduction of methemoglobm^ and that this process, too, 

* Supported in part by grants from the National Institutes of Health, United 
States Public Health Service, and the Department of the Army, Office of the Surgeon 
General A preliminary report of this work was presented at the Forty-fifth annual 
meeting of the American Society of Biological Chemists at Atlantic City, April, 
1954 (1) 

^ The following abbreviations are used DPN and TPN, di- and triphosphopyri- 
dine nucleotides, DPNH and TPNH, reduced DPN and TPN, ATP, adenosine tri- 
phosphate, G-6-P, glucose 6-phosphate, MeB, methylene blue, ACD, acid-citrate- 
dextrose 

“ Carson et al (13) have shown that erythrocytes of primaqume-sensitive indi- 
viduals are deficient m G-6-P dehydrogenase The resultant decrease in the level of 
endogenous TPNH then prevents these cells from reducing methemoglobin (pro- 
duced by chemical oxidation of hemoglobin by primaquine) at the normal rate 
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IS stimulated gieatly by methylene blue In hemolyzed preparations, 
however, these early investigators found that the oxidation of glucose by 
either oxygen or methemoglobm is absent, even m the presence of methyl- 
ene blue (9-11) 

The present investigation was undertaken in order to extend the above 
findings on the aerobic oxidation of glucose m erythrocytes and, in particu- 
lar, to obtam information on the electron tiansport system linking TPNH 
to oxygen m the presence of methylene blue 

EXPERIMENTAL 

Materials — DPN, TPN, DPNH, ATP, and G-6-P were obtamed from 
the Sigma Chemical Company Hexokinase v as a product of the Pabst 
Laboratones, and catalase was obtained from the Worthington Biochem- 
ical Corporation TPNH was prepared by reduction of TPN vath hydro- 
sulfite or with the isocitnc dehydrogenase system (14) C-6-P dehydro- 

genase was piepared from yeast by the method of LePage and Muellei (15) 

Preparations — Human blood, collected m ACD (National Institutes of 
Health, Formula B), was made available through the cooperation of Dr 
Richard Czajkoiiski of the IHng County Central Blood Bank The blood 
was stored at 4° for not longer than 4 days before bemg used in experi- 
ments Whole cell samples were prepared by’' remo'ving the plasma by 
centrifugation for 30 mmutes at 2300 X S' m the International refngerated 
centrifuge, model PR-1, washing the cells twice by suspension and centnf- 
ugation in Krebs-Ringei -phosphate solution (16), and finally makmg up 
a cell suspension (hematocrit about 50) m the same solution Hemoly- 
sates Mere prepared from washed erythrocytes (hematocrit about 60) by 
rapid freezing and thawing the solution three times as described pre'viously 
(17) 

Hemoglobm-free solutions were prepared by addmg, in succession, to 
150 ml of cold hemolysate contained m a 1000 ml flask, 300 ml of cold 
water, 90 ml of ethanol, and 60 ml of chloroform The organic solvents 
were redistilled from reagent grade mateiials and stored at —20° before use 
Immediately after the last addition, the mixture was shaken -vigorously 
for 1 minute, transferied to precooled 100 ml glass centrifuge tubes, and 
centrifuged in the cold for 10 minutes at 2300 X g The pink,^ aqueous 
top phase was withdrawn carefully with a syringe or suction pipette and 
dialyzed with stirring against a large volume of cold distilled water for 4 
hours 

Methods — ^AU manometnc experiments were cairied out in the standard 
Warburg apparatus at 37° with oxygen m the gas phase The flasks v ere 

^ 'When all of the endogenous hemoglobin has been denatured, the aqueous phase 
IS almost colorless or light yelloivish pink in appearance 
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gassed fiom 3 to 5 minutes, followed by an equilibration penod of 10 min- 
utes befoie the stopcocks weie closed Ovygen uptakes weie liiieai with 
time for at least 3 to 4 houis and lineai with an amount of cells up to 1 5 
ml Foi both cell suspensions and hemol 3 '^sates, the oxygen uptake values 
veie recalculated, fioni the heniatociit data, on the basis of 1 ml of packed 
cells (z e miciohteis of O 2 pei hour pei ml of cells) 

Foi measuiing glucose oxidation 111 whole cells, the following assay pro- 
ceduie (S 3 '-stem A) was used 30 ^umoles of glucose, 0 05 ml of 1 0 per 
cent metlydene blue, 1 0 ml of v ashed led cell suspension (hematocrit 
about 50), and sufficient ICiebs-Ringei -phosphate solution, 01 0 1 m phos- 
phate buffei, pH 7 5, to make 2 8 ml The center veil contained 0 2 ml 
of 6 N NaOH 

TPNH oxidation m hemolysates vas measured by the following assay 
proceduie (System B) 30 /iimoles of G-6-P, 0 50 ml of G-6-P dehydro- 
genase (4 mg per ml ), 0 25 /mi ole of TPN, 30 /imoles of nicotinamide, 0 01 
ml of 1 0 pel cent meth 3 dene blue, 100 /imoles of ethanol, 0 05 ml of cat- 
alase (150 units pel ml ), 1 0 ml of hemolysate (derived fiom a cell sus- 
pension of hematocrit about 50), and sufficient 0 1 m phosphate buffer, 
pH 7 5, to make 2 8 ml The center well contained 0 2 ml of 6 N NaOH 

RESULTS AND DISCUSSION 

Oxidation of Glucose by Intact Erythrocytes — In confiimation of previous 
results (10, 11) it was observed that intact ei 3 'throcytes oxidize glucose 
only to a small extent (0 to 5 /d per hour per ml of cells) in the absence of 
methylene blue, but that the oxygen uptake is increased greatl 3 '’ (80 to 90 
m 1 per hour per ml of cells) when the dye is present at a final concentra- 
tion of approximately 10~® m Other d 3 '-es and election carriers, such as 
toluidme blue and thioneine (12), or the bacterial pigment, toxoflavin (18), 
will replace methylene blue m this system Rat hvei extiacts 01 purified 
diaphorase (11) are comparable to dyes in stimulating the oxidation of glu- 
cose In view of these experiments, it seems e^^dent that the oxidation of 
TPNH is Imked to oxygen either through the addition of an election ear- 
ner (codiaphorase) to saturate an apodiaphorase already existing in the 
erythrocyte or by the addition of a diaphorase ICiese (12) and others (19, 
20) have shown that the reduction of methemoglobin by TPNH is similarly 
dependent upon methylene blue, and have designated the electron-trans- 
ferring enz 3 Tue, Imking TPNH to oxygen or methemoglobin as methemo- 
glohin reductase The detailed purification and properties of this enz 3 ’-me 
are described in Paper IV of this series (21) 

Oxidation of Glucose by Hemolysates — When er 3 i:hroc 3 ^tes are hemolyzed, 
the ability to oxidize glucose is lost, even in the presence of added meth 3 d- 
ene blue (11) We have found that the oxidation can be restored, hov- 
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ever, when the hemolysate is fortified with added Mg++, ATP, and hexo- 
kinase, as illustrated m Table I Apparently hemolysis results in some 
dispersion or destruction of each of these three components 
Oxidation of TPNH by Hemolysates — As an extension of the above experi- 
ments, it could be shoivn that the oxidation of TPNH, either added in 


Table I 

Glucose Oxidation by Hemolysates 


Component omitted 

Oj uptake 

None (complete system) 

fil per hr per ml 
cells 

270 

Mg++ 

190 

Hexokinase 

150 

ATP 

120 

Hexokinase, ATP, Mg"*^ 

12 

MeB 

0 


System A was employed, except that 2 0 ml of hemolysate (equivalent to 1 0 ml 
of cells) were used and the following additions were made to the complete system 
1 /imole of Mg++, 5 /imoles of ATP, 0 05 ml of hexokinase (4 mg per ml ), 1 /imole 
of TPN, and 1 ^tmole of nicotinamide 


Table II 

TPNH Oxidation by Hemolysates 


Component omitted 

Os uptake 

None (complete system) 

itl per hr per ml 
cells 

325 

G-6-P dehydrogenase 

307 

G-6-P 

42 

MeB 

12 

TPN 

0 


System B was employed Oxygen uptake values were corrected for the blank 
without G-6-P and methylene blue 


substrate amounts or generated continuously by the glucose-6-phosphate 
dehydrogenase system, required methylene blue In Table II a compo- 
nent study IS presented An almost complete requirement was observed 
for both TPN and MeB as well as a strong requirement for G-6-P Since 
the hemolysate was not dialyzed, it is probable that some endogenous 
G-6-P, or other substrate reducing TPN, was present m the preparation 
There was only a small effect of added G-6-P dehydrogenase, in contrast to 
the hexokinase effect m Table I 
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Oxygen Uptake in Aged Cells Rejuvenated by Adenosine — It has been 
shown previously that, when eiythrocytes are stored for several weeks, the 
progressive loss of physiological viability is paralleled by a loss of endoge- 
nous 01 game phosphate esters, notably ATP and 2 , 3-diphosphoglycerate 
(22) This m vitro aging process can be retarded if the cells are stoied in 
the presence of puiine nucleosides such as adenosine or inosine In the 
case of stored cells, a shoit term incubation with adenosine causes a marked 
rejuvenation 

In connection wuth these studies on the storage of erythrocytes, it was 
of interest to assay fresh cells and those aged in vitro (28 days) for the abil- 
ity to oxidize glucose in the mtact cell system (System A) and to oxidize 


Table III 

Effect of Adenosine on Oxygen Consumption in Fresh and Aged Cells 


System 

1 

Blood sample 

Oi uptake 

Cells 

Hemolysate 

A 

Fresh, control 

111 per hr per 
ml cells 

88 

111 per hr per 
ml cells 

300 


“ treated with adenosine 

115 

315 

B 

28 day storage, control 

36 

371 


28 “ “ treated with adenosine 

121 

389 


A sample of blood was tested before and after 28 days of storage in vitro In each 
case, an aliquot of the blood was incubated for 1 hour at 37° with adenosine (2100 
/nmoles of adenosine per 100 ml of cells) Washed cell suspensions and hemolysates 
then were prepared as described under “Experimental ” Oxygen uptake values were 
corrected for blanks without substrate 

TPNH m the hemolysate system (System B) As shown in Table III, 
glucose oxidation is somewhat improved even m the fresh sample and 
markedly improved in the 28 day sample after treatment of the respective 
cells with adenosine Since there is essentially no decline of the enzyme, 
hexokmase, during storage (3, 22), the abo-ve lesults are consistent vnth 
the evidence that ATP declines during storage and is regenerated in the 
aged cell upon addition of adenosine On the other hand, none of the 
components of the TPNH oxidation system declmes upon storage, and, 
hence, there is no improvement after treatment vnth adenosine 
Partial Purification of TPNH Oxidation With use of System B, 

It was demonstrated that the level of the TPNH oxidase system is a Imear 
function of time and of hemolysate concentration and that the level of 
TPNH oxidase is remarkably constant in different erythrocyte samples 
The above findings provided adequate criteria to attempt the purification 











258 


GLUCOSE OXIDATION 


of the enzyme system involved It was found that there vas no loss in 
activity when the hemolysates were freed fiom stioma by high speed cen- 
trifugation (25,000 X g for 30 minutes) ■* The enzymatic actmty was 
stable to dialysis, to lepeated fieezing and thamng of the hemolysate, to 
lyophilization, or to precipitation with 8 volumes of acetone in the cold 
Acetone powdeis, prepared by piecipitation fiom dialyzed hemolysates 
could be stored in a desiccator foi several months at —20° and they pro- 
vided a stock starting material for fuithei puiification studies 

Previously, a paitial isolation of the TPNH oxidase, or methemoglohn 
reductase, w^as achieved by Kiese by means of ammonium sulfate fiac- 
tionation (12) The piincipal difficulty in purifying this enzyme fiom he- 
molysates IS the lemoval of hemoglobin, which comprises about 95 per cent 
of the total soluble piotein (2) Fiom blood collected in oxalate, Foulkes 
(23) w^as able to crystallize a considerable amount of hemoglobin as the 
carbon monoxide complex, but in oui hands this proved to be impossible 
with hemolysates prepared from blood collected m ACD Similarly, it is 
of inteiest to note that hemoglobin can be crystallized by Drabkin’s 
method (24) fiom blood collected in oxalate, but not from blood collected m 
ACD 5 

Efforts to free the TPNH oxidase fiom hemoglobin by conventional 
means weie largely unsuccessful, for, although the enzyme could be con- 
centrated by precipitation with ammomum sulfate at 60 per cent satura- 
tion or Avith ethanol at 50 pei cent saturation, the activity was found also 
m other fractions, and all fractions w^ere still contaimnated heavily with 
hemoglobin In addition, the partially puiified fractions were extremely 
unstable, whether stored at 6° or fiozen This was due, presumably, to 
the presence of a destructive piotem, since, if the hemolysates were treated 
by Kiese’s method (12) (z e adjusted to 1 m m sodium phosphate and the 
slight precipitate removed by centrifugation), the subsequent fractions 
obtained by ammomum sulfate precipitation were much more stable to 
storage 

Treatment of hemolysates ivith ethanol-chloioform at low temperatures, 
a technique previously employed for the isolation of carbonic anhydrase 
(26) and peptidases (27) from erythrocytes, resulted in the complete de- 
naturation of hemoglobin, but left the TPNH oxidase unharmed With 
use of System B, it wms found that more than 70 per cent of the ongmal 
activity m hemolysates was recovered in the aqueous phase aftei the above 
treatment Smce the solution contaimng the enzyme ivas essentially color- 

^ Specialized Instruments Corporation ultracentrifuge, rotor No 40 

5 Unpublished observations of this laboratorj’’ . 

'Essentially the same results can be obtained by shaking the hemolysate ni 
n-butanol at low temperatures, according to the procedure of Morton (25) 
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less, TPNH oxidase could now be estimated spectrophotometrically The 
details of this assay, and the fuithei purification and properties of the en- 
zyme, aie desciibed in Paper IV (21) 

The authois aie indebted to Mrs Ruth Wade Caffrey for her assistance 
on poitions of this pioblem 


SUMMA.R'i 

1 Intact erythrocytes oxidize glucose only m the presence of an added 
diaphorase (tissue extract) oi an added codiaphorase (methylene blue) 
Upon hemolysis, an additional requiiement for added hexokinase, Mg++, 
and adenosine triphosphate becomes evident 

2 Oxidation of glucose proceeds via the “phosphogluconate oxidation” 
pathway The oxidation of glucose 6-phosphate to 6-phosphogluconate is 
linked to oxygen or methemoglobm through tiiphosphopyridme nucleotide 
and an electron transport system, probably identical with Kiese’s meihemo- 
globin 1 eductase The paitial puiification of this enzyme has been achieved 
by lemoval of hemoglobin with an ethanol-chloroform treatment 

3 Manometric assay systems aie described for the oxidation of glucose 
in whole cells and for the oxidation of reduced tiiphosphopyridme nucleo- 
tide m hemolysates Stored red cells aged zn vitro and rejuvenated with 
adenosme may be assayed conveniently by these systems, and the relation 
between adenosine tiiphosphate loss and the stoiage lesion is further estab- 
hshed 
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In mature, non-nucleated erythrocytes the breakdown of glucose to pen- 
tose, via the “phosphogluconate oxidation” pathway, mcludes an oxida- 
tive step, whereby glucose 6-phosphate is converted to 6-phosphogluconate 
in the presence of TPN^ and the appropriate dehydrogenase (2) It has 
been shovni previously by other investigators (2^), and amplified m Paper 
III of this series (5), that TPNH, formed m the primary dehydrogenation, 
IS hnked to oxygen through a TPNH oxidase The isolated enzyme re- 
quires an added electron carrier such as methylene blue for its activity 
A similar situation obtains m the reduction of methemoglobm by the 
erythrocyte The low (about 1 per cent (6)) steady state level of methe- 
moglobm m the cell mdicates that the slow, contmuous chemical oxidation 
of hemoglobm by molecular oxygen is nearly compensated for by the en- 
zymatic reduction of methemoglobm Kiese (7) has partially purified the 
enzyme, methemoglobm reductase, and has shown that TPNH is the sub- 
strate for the enzyme and that methylene blue serves as a cofactor Evi- 
dence has been presented also for the existence of a siimlar, but separate, 
system reqmrmg DPNH In accordance with varymg sources of evidence 
Kiese has suggested that the TPNH oxidase and the TPNH methemoglo- 
bm reductase are the same enzyme 

The present commumcation describes the isolation, m highly purified 
form, and the properties of the methemoglobm reductase from human 
erythroc 3 d;es Observations are presented concernmg TPNH and DPNH 

* This investigation was supported by grants from the National Institutes of 
Health, United States Public Health Service, Department of the Army, Office of the 
Surgeon General, Eh Lilly and Company, and Initiative 171, State of Washington 
A preliminary account of this work was presented at the Forty-fifth meeting of the 
American Society of Biological Chemists at Atlantic City, April, 1954 (1) 
t Present address. Institute for Enzs^me Research, University of Wisconsin 
‘ The following abbreviations are used DPN and TPN, di- and triphosphop 5 ndine 
nucleotides, DPNH and TPNH, reduced DPN and TPN, Hb, reduced hemoglobin, 
HbOj, oxyhemoglobin, MHb, methemoglobm, MeB, methylene blue 
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as substrates, and oxygen, methemoglobm, and cytochrome c as terminal 
electron acceptors 


EXPERIMENTAL 

Materials — Ciystallme hemoglobm was prepared from human blood’ b} 
the method of Drabkm (8), and methemoglobm by the oxidation of hemo- 
globin with NaN02 or H 2 O 2 (9) Isocitiic deh^'^drogenase was isolated 
fiom pig heart (10) dMsocitnc acid lactone was obtained from the Cali- 
forma Foundation for Biochemical Reseaich, crystalline alcohol dehydio- 
genase was a product of the Mann Research Laboratories, Inc , TPNH, 
DPNH, and cytochrome c were obtained from the Sigma Cheimcal Com- 
pany, 1 , 10-o-phenanthrohne from the G Fredrick Snuth Chemical Com- 
pany, and iron-specific Versene from the Bersworth Chemical Company 
Other materials were obtained as described in Paper III (5) 

Methods — ^Protem concentrations were determmed by the biuret method 
(11) with bovine serum albumin as the standard Pyridine hemochromo- 
gen determinations were carried out as described by Basford et al (12) 
with a molar extinction coefficient, e, equal to 34 7 X 10® sq cm per mole 
(13) at 557 m /1 for the hemochromogen of iron protoporphyrm Total iron 
was estimated by the method of Sandell (14) 

Spectrophotometnc measurements were made m 1 cm cuvettes m the 
Beckman spectrophotometer, model DU Absorption spectra were ob- 
tained with a Cary recording spectrophotometer, model llM 

Assay of the enzyme as a TPNH oxidase (^ e with oxygen as the ter- 
mmal electron acceptor) was carried out as follows The experimental 
cuvette contained 0 15 /tmole of TPNH, 100 jumoles of phosphate buffer,® 
pH 7 5, 0 2 ml of enzyme, and water to make 3 0 ml The blank cuvette 
was identical except for the onaission of TPNH After a stable, initial log 
Zo/Z value at 340 m/i had been obtained, 0 01 ml of 0 1 per cent methylene 
blue (0 027 /imole) was added to each cuvette at zero time and the reac- 
tion was followed by the decrease in light absorption over a 10 nunute pe- 
riod The reaction velocity was corrected for the slow, chemical oxidation 
of TPNH by the dye (Aio = 0 022) in a blank cuvette from which the en- 
zyme was onutted 

The reaction velocity is hneai with time and can be expressed as a A 10 
value, i e the change m log Zo/Z at 340 m/i over the 10 minute period, un- 
der conditions of enzyme concentration whereby A 10 is less than 0 060 1 

“ We are indebted to Dr Richard Czajkowski and Mr Soren Jule of the Ifing 
County Blood Bank, Seattle, for collecting and making available the blood for t ns 

3 At the optimal pH for the enzyme (pH 7 5), there was no diminution of 
when tris(hydro\ymethyl)aminomethane or Veronal replaced phosphate as 
bu6er 
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unit of enzyme is defined as that amount which causes Aio = 0 010 under 
these conditions Specific activity is defined as units of enzyme per mg 
of piotein DPNH ovdase actinty is deterimned by the above spectro- 
photometric system with an equivalent amount of DPNH replacing the 
TPNH 

In 01 del to study the enzyme as a methemoglobin reductase or cyto- 
chiome c reductase, the spectiophotometiic assay system was modified to 
include 0 12 jumole of MHb oi 0 10 to 0 20 ^mole of cytochrome c The 
methemoglobm reductase leaction was followed by the disappearance of 
the MHb band at 630 mu, oi the appeal ance of the Hb02 band at 575 mu 
The reaction with cjdochrome c was followed by the appearance of the re- 
duced cytochrome c band at 550 mju 

RESULTS AND DISCUSSION 

Punficahon of Enzyme 

Step 1 Removal of Hemoglobin from Hemolysates — Fresh, human eryth- 
rocytes (125 ml of packed cells) were ivashed three times by suspension 
and centrifugation^ in cold, 0 9 pei cent NaCl solution,® diluted to the oiig- 
mal volume (about 300 ml ) with sahne, and hemolyzed by repeated freez- 
ing and thawing As described m Paper III (5), the hemolysate was 
treated at low tempeiature with ethanol and chloroform to remove hemo- 
globin and was dialyzed 

Step 2 Fractionation at pH 5 4 — ^The dialyzed enzyme fiom Step 1 (865 
ml ) was lyophihzed to dryness in order to remove traces of orgamc sol- 
vents and redissolved m 80 ml of watei The dilute solution was allowed 
to stand overnight at 5°, and any precipitate which formed was removed 
by centrifugation The solution was then adjusted to pH 5 4 with 10 per 
cent acetic acid, the precipitate removed by centrifugation, and the super- 
natant solution leadjusted to pH 7 0 with 1 n sodium hydroxide The 
amount of mert protein removed by the aging step varied somewhat with 
different preparations, however, the data given m Table I are representa- 
tive of a number of individual pieparations 

Step S Ammonium Sulfate Fractionation — To the solution from Step 2 
(80 ml ), immersed m an ice bath, weie added slowly with stirring 80 ml 
of saturated ammomum sulfate solution neutralized to pH 7 0 vith concen- 
trated ammonium hydroxide The piecipitate (0 to 50 per cent fraction) 

* All centrifugations were carried out at 4° for 15 minutes at 2300 X gin the Inter- 
national refrigerated centrifuge, model PR-1 

*’ It has been found that cells washed thoroughly with 0 9 per cent NaCl before 
hemolysis yield enzyme preparations at the end of Step 1 w hicli have a 5- to 10-fold 
higher specific activity compared to cells washed with Krebs-Ringer-phosphate 
solution 
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was removed by centrifugation and discarded Successive addition of 40, 
67, and 135 ml of ammomum sulfate to the 0 to 50 per cent supernatant 
fraction yielded the 50 to 60, 60 to 70, and 70 to 80 per cent precipitates, 
which were removed by centrifugation, dissolved in 40 ml of water, and 
dialyzed overnight agamst water After dialysis, each of the above three 
fractions was centrifuged to remove any precipitate and assayed for activ- 
ity The highest specific activity and most of the total activity were 
found m the 60 to 70 per cent fraction, which was used for all the experi- 
ments reported in this paper The 50 to 60 or 70 to 80 per cent fractions 
could be refractionated with ammonium sulfate to obtam additional quan- 
tities of the enzyme 

For a number of preparations the specific activity after ammonium sul- 
fate fractionation ranged between 68 and 72 No further purification 


Table I 

Purification Procedure 


Fraction 

Total 

volume 

Total 

protein 

Total units 

Specific 

activity 

Recovery 
of units 


ml 

mg 


umtsfer ms 

fer cent 

Hemolysate 

300 

42,000* 


0 4 


Ethanol-chloroform fractionation 

865 

490 


25 


Fractionation, pH 5 4 

80 

220 


39 


(NH 4 ) 2 S 04 fractionation, 60-70% 

40 

80 

1 


72 



* Based upon hemoglobin determination 


could be achieved by several other methods of protem fractionation or by 
a repetition of the above methods 

The enzyme may be concentrated at any stage of punfication by pre- 
cipitation with neutral ammonium sulfate at 75 per cent saturation, by 
precipitation with acetone, or by lyophihzation The enzyme was not ad- 
sorbed on to calcium phosphate or zinc hydroxide gel, and these treat- 
ments could be used to remove extraneous protem 

Table I summarizes the specific activities and recovery data at vanous 
stages for a typical preparation At the final stage the enzyme was puri- 
fied approximately 180-fold, based upon the hemolysate, and recovered m 
a 34 per cent over-all yield 

In hemolysates the enzymatic activity was decreased about 50 per cent 
during a 24 hour storage period at 5° or frozen at —20° However, after 
treatment with ethanol-chloroform, and at all subsequent stages, the en- 
zyme retained essentially full activity upon storage in the frozen state for 
periods up to 1 month 

Existence of Iron Porphynn Prosthetic Group — After treatment oi 
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hemotysate with chloiofoim-ethanol, the enzyme in the aqueous phase ivas 
light yelloiv-pmk m color Upon subsequent purification the prepaiation 
assumed the chaiacteiistic led- blown appearance of iron porphyrin en- 
zymes The spectium® of the highly puiified enzyme (specific activity = 
70) at pH 7 5, shmvn in Fig 1, is clearly that of a heme protein, since, in 
addition to the absoiption band at 278 m/z due to the protein moiety, there 
IS a large Soret peak at 406 m^Lt and several smaller peaks in the spectral 
legion of 500 to 650 m;z Upon tieatment of the enzyme with suitable re- 
agents, three separate states of the heme moiety, analogous to those of he- 
moglobin, can be lecognized by their spectial characteristics After treat- 



Fiq 1 Absorption spectrum of purified enzyme The spectrum was determined 
with use of the Cary recording spectrophotometer on an enzyme of specific activity = 
70 at pH 7 5 The protein concentration w'as 1 0 mg per ml 

ment of the enzyme tvith ferncyanide, the oxidized form displays peaks at 
403, 500, and 630 m/z, after treatment with hydrosulfite, the reduced en- 
zyme has peaks at 431 and 555 mp, after reduction of the enzyme with 
TPNH in the presence of air, the leduced-oxygenated complex is formed, 
characterized by peaks at 415, 540, and 577 mju The details of these 
spectra ivill be published separately ^ 

As seen m Fig 1, the isolated enzyme is evidently a mixture, inasmuch 
as the heme is distributed between the oxidized and reduced-oxygenated 
states Since the molar extinction coefficient for the Soret peak of these 

' In the early stages of purification (z e after the "ethanol-chloroform step”) the 
enzyme has an additional, broad absorption band centered at 260 m^i, but this is 
lost, especially after ammonium sulfate fractionation 

’ Caffrey, R W , Talbert, P T , and Huennekens, F M , in preparation 
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two states is almost identical,® the latio of the protem peak at 278 my, to 
the composite Soret peak, located between 405 and 408 my, may be used as 
a measure of the puiification of the enzyme The ratio is 1 45 for the pu- 
rified enzyme 

That the iron porphyrm is associated with the enzyme itself and is not 
due to tiaces of contaminating hemoglobm is substantiated by several ob- 
servations Fust, the absorption maxima of the various states of the en- 
zyme are shghtly, but significantly, different from those of hemoglobin 
Second, repeated treatment of the enzyme with ethanol-chloroform under 
conditions identical with those of Step 1 m the purification piocedure, 
whereby hemoglobin is denatured, does not lead to any further decrease in 
color or to further denatmation Third, the ratio of enzymatic activity to 
the light absorption due to the porphyrin moiety is constant after the first 
stage during purification Fourth, the enzyme is eluted from ion exchange 
colunms under conditions v hereby the multiple forms of hemoglobm (16) 
are still adsorbed ^ Fifth, ciystallme hemoglobm itself displays no activ 
ity as a methemoglobin reductase Finally, under anaerobic conditions 
and with substrate amounts of enzyme, the iron poiphyiin moiety can be 
reduced quantitatively by substrate amounts of reduced methylene blue or 
by substrate amounts of TPNH in the presence of catalytic amounts of 
methylene blue These results will be reported m a subsequent communi- 
cation ^ 

It is proposed, then, that the iron porphyrin group is a functional part 
of the enzyme, and that it does not represent traces of contaminating he- 
moglobin, although the iron porphyrin moiety of the two proteins may be 
identical 

Molecular Weight Determination from Total Iron and Hemochromogcn 
Analyses — Two separate aliquots of the purified enzyme were converted to 
the pyridine hemochromogen The absorption maxima were at 418, 522, 
and 553 m^ From the optical density values at 553 my, the heme con- 
tent of the enzyme was calculated to be 5 47 and 5 51 X 10"® mmole per 
mg of protein Assuming 1 heme per mole, this would correspond to a 
mimmal molecular weight of 182,000 Total iron determmations, with 
cytochrome c as an mternal control for the analytical method, gave an av- 
erage value of 5 31 X 10"® mmole per mg of protem, or a molecular weight 
of 188,000 The actual molecular weight of the enzyme may be lowered 
shghtly by a factor representing the absolute purity of the enzyme 

Spectroplwtometnc Demonstration of Activity — At all stages of purification 

8 A solution of the enzyme (specific activity = 72) containing 1 63 mg per ml of 
total protein had an optical density of 1 050 at 406 m^ Assuming a molecular ^eign 
of 1 85 X lOS this would correspond to e = 119 X 10® sq cm per mole for the ore 
peak The « values for the Soret peaks of HbO. and MHb are each approvima e j 
130 X 10® sq cm per mole (15) 
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beyond the hemolysate, the enzyme can be assayed most conveniently by 
following the disappeaiance of TPNH spectiophotometiically at 340 mu 
As shovm 111 Fig 2, TPNH was oxidized slowly by endogenous oxygen in 
the presence of enzyme alone, but the late was inci eased markedly upon 
the addition of the methylene blue Aftei the TPNH had disappeared 
completely, the reaction was stopped by heat denatuiation, and the super- 



PiG 2 Spectrophotometric demonstration of TPNH and DPNH oxidase • , 
TPNH, O, DPNH Assay system as described under “Experimental,” except that 
the TPNH or DPNH was increased to 0 17 pmole and the amount of enzyme was in- 
creased to 20 units Methylene blue was added at Arrow 1 Values are not cor- 
rected for the blank without enzyme which amounted to a Aio value of 0 022 At 
Arrow 2, the reaction was stopped by heating to 100° for 5 minutes, the denatured 
protein removed bj’’ centrifugation, and the supernatant fluid returned to the cuvette 
In the experiment with TPNH, 6 Aimoles of isocitrate, 2 mmoles of MgCb, and 0 02 
ml of isocitric dehydrogenase vere added and the light absorption was followed 
again In the experiment with DPNH, 200 pmoles of Tris buffer, pH 9 5, 100 /zmoles 
of ethanol, and 0 01 ml of alcohol deh 3 ^drogenase were added 

natant fluid, after a brief centrifugation, vas ana^zed foi TPN with the 
components of the glucose-6-phosphate dehj'-drogenase system The light 
absorption returned nearly to its initial value, shovung that the mitial re- 
action was that of TPNH oxidation lathei than TPNH destruction 

The DPNH activity of the enzyme vas demonstiated bj’- a parallel ex- 
peiiment (see also Fig 2) in winch conveision of DPNH to DPN in the in- 
itial reaction v as shovm by adding the components of the alcohol deh 3 'dro- 
genase S 3 ’^stem 

Ratio of Activity with TPNH and DPNH — Prexuous v ork had indicated 
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the existence of two separate enzymes for the reduction of MHb, one spe- 
cific for TPNH and the other for DPNH For example, ICjese (7) demon- 
strated in hemolysates that glucose and lactate u ere additive in their abil- 
ity to reduce MHb and that, when each of these substrates v as employed, 
a different K„ value was obtained for the cofactor, methylene blue 
With the enzyme at the highest stage of purification, the ratio of TPNH 
to DPNH activity was 5 4 vhen the assays were performed undei parallel 
conditions This ratio is not appreciably different from that at Step 1, 
where the value was approximately 3 5 In the latter case, theiatio is less 
reliable, owing to the relatively large amount of protein lequired foi the 
assay These data suggest that the present enzyme, as isolated, is spe 
cific for TPNH, but that it has some activity with DPNH There may 
exist, in addition, a DPN-specific reductase which is destroyed during the 
above isolation procedure 

Inhibitors — The enzyme is inhibited (a) approximately 25 per cent by 
Ca++, Ba++, Mn++, sulfate, and pyrophosphate, each at a final concentra- 
tion of 10~- M, (b) 40 per cent by Zn++ or atebrin at 10“^ m, (c) 20 per cent 
by p-chloiomercuribenzoate at 10~^ m, and (d) 50 per cent by Hg++ at 10~^ 
M The enzyme is not inhibited appreciably by riboflavin, riboflavin phos- 
phate, flavm adenine dinucleotide, 2,4-dinitrophenol, gramicidin, 8-by- 
droxyqumohne, isonicotimc hydrazide, arsenite, arsenate, lodoacetate, lo- 
dosobenzoate, or Versenate, each at a final concentration of 10~^ M The 
pattern of inhibition for this enzyme is similar to that observed previously 
for the DPNH oxidase isolated horn pig heart (17) 

Terminal Electron Acceptors — In Paper III (5) and m the present inves- 
tigation it has been shoivn that oxygen serves as a terimnal electron accep- 
tor in the presence of catalytic amounts of methylene blue Under an- 
aeiobic conditions, i e m evacuated cuvettes or in Thunberg tubes, 
methylene blue or 2 , 6-dichlorophenol-mdophenol may be used as an acceptor 
Kiese has presented evidence that either methemoglobin or oxygen can 
be used as termmal electron acceptors for the enzyme and that they are 
competitive with each other Using the purified enzyme, we have con- 
firmed his findmgs and have found that cytochrome c® may be used also 
as a termmal acceptor A summary of comparative rates of reduction for 
the three acceptors, oxygen, MHb, and cytochrome c, is presented in Table 
II 

For either cytochrome c or MHb, the stoichiometry is as follov s 

TPNH -F 2 cytochrome c+++ —>■ TPN+ -f 2 cytoch rome -f H'*' 

* There is no crossed specificity in this reaction, since methemoglobin mil not 
replace cytochrome c in the DPNH cytochrome c reductase from pig heart (18) or 
the TPNH cj tochrome c reductase from yeast (19) Altman (20) has found, however, 
that a preparation from brew ers' yeast contains MHb reductase activity 
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The reduction of these acceptors was followed by means of the optical den- 
sity changes at 550 m/x for cytochrome c and 630 mju or 575 mju for MHb 
The initial rates, Imear over a 0 to 5 imnute interval, were 39 6 X 10~^ 
mmoles per ml per minute for cytochrome c and 3 6 X 10~^ for MHb Ac- 
cordmg to Equation 1, these values would correspond to rates of TPNH 
OAidation of 19 8 X 10~^ and 1 8 X 10~’, respectively Since the actual 
rates of TPNH oxidation, as measured by changes m optical density at 


Table II 

Terminal Electron Acceptors 


Acceptor 

Rate of TPNH disappearance, mmoles per ml 
per mm X 10' 

1 

Observed 

Due to 
porphyrin 

Due to Oi 

Cytochrome c 

22 5 

19 8 

2 7 

Oxygen 

12 5 


12 5 

Methemoglobin 

10 0 

1 8 

8 2 


The standard assay sj'stem was used as described under “Experimental,” except 
that 0 3 /imole of TPNH was used Successive spectra at given time intervals were 
run on the Cary recording spectrophotometer For oxygen, the reaction was fol- 
lowed at 340 m/i, with Ae of 6 22 X 10® sq cm per mole being used for the difference 
between TPNH and TPN For cytochrome c, the reaction was followed at 550 m/i 
by use of Ae = IS 5 X 10^ (21) for the difference between oxidized and reduced cyto- 
chrome c, and at 340 m/i for TPNH (Ae = 0 for oxidized and reduced cytochrome c at 
340 m/i) For MHb, the reaction was followed at 630 m;i (Ae = 4 0 X 10® (15)), at 575 
m/i (Ae = 14 0 X 10® (15)), and at 340 m/x (Ae = 7 0 X 10® for MHb and HbO. at 340 
ibm) The rate of reduction of MHb calculated from the optical density changes at 
630 XTifi w as 3 0 X 10“’, and 3 6 X 10“’, the changes at 575 m^i being utilized The 
latter value w as used, since the Ae at 575 mu is larger All the rates were taken 
over an initial period (0 to 5 minutes) and were corrected for blanks without 
enzyme 


340 mp, were 22 5 X 10“^ and 10 0 X 10“'^, it is apparent that the differ- 
ences, 2 7 X 10“^ and 8 2 X 10~^, represent the oxidation of TPNH due 
to oxygen, acting in competition with the porphyrms 
^Ten oxygen is used alone as the acceptor, the rate of TPNH oxidation 
IS 12 5 X 10“'’ mmole per ml per mmute From this value the rate of oxy- 
gen reduction would be either 6 3 X 10“^ or 12 5 X 10“^ depending upon 
whether Equation 2 or 3 is operative 


TPNH -b H+ -I- iO: ^ TPN+ + H.O 
TPNH -b H+ -f O. TPN+ -b H»0. 


( 2 ) 

( 3 ) 
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At present, it has not been possible to determine conclusively vbetber H2O 
or H2O2 IS the product of oxygen reduction in this system 
It IS apparent that cytochrome c is a preferred acceptor to oxygen, for 
the imtial concentration of the heme compound was approximately 3 X 
10~® M, as compared to the oxygen concentration of approximately 2 4 X 

10-^ M (22) 

The favored utilization of cytochrome c by the enzyme is somewhat sur- 
prising, masmuch as the mature erythroc5rfce contams no endogenous 03^0- 
chrome c It is possible that, in the nucleated or immature stage, the 
erythrocjdie uses the enzj'^mes as a cytochrome reductase, but that, upon 
maturation and the concomitant reversion to a more anaerobic type of me- 
tabolism, the enzyme functions only as a methemoglobin reductase 
Electron Transport Scheme — From the evidence presented above, it seems 
perimssible to formulate the electron transport scheme of the enzyme as 
follows 


TPNH MeB ~ — » heme ^ > Oj, MHb, or cytochrome c (4) 

The enzyme is thus considered to have two prosthetic groups (1) an un- 
known earner, which is detached during punfication and must be substi- 
tuted for by methylene blue or other autoxidizable dyes, and (2) a tightly 
bound iron porphynn moiety Under anaeiobic conditions it can be 
shown'^ that TPNH reacts first with the dye, that the reduced dye mter- 
acts readily with the iron porphyrm, and that the iron porphyrin, m turn, 
reduces molecular oxygen Under aerobic conditions it is possible that the 
reduced dye would mteract directly with oxj’-gen, thus by-passing the por- 
phyrm component However, we have been unable to demonstrate the 
formation of hydrogen peroxide under these conditions 

Role of Methylene Blue and Other Carriers — ^As shown m this mvestiga- 
tion and previously (5), the enzyme, as isolated from human erythrocytes, 
has an absolute lequirement for methylene blue, or other autoxidizable 
dyes, as an electron carrier Toxofiavin, a pigment elaborated by Pseudo- 
monas cocovenen (Bacterium bongkrek), also stimulates the enzyme (23) In 
the search for the physiological electron carrier, a great variety of known 
coenzymes and metal 10ns were tried, mcluding riboflavm, flavin mono- 
nucleotide, flavin ademne dinucleotide,” reduced glutathione, ascorbic acid, 

10 When excess catalase and ethanol were added to the manometnc system, them 
w as observed no doubling of the oxygen uptake, as noted previously with the 
oxidase from pig heart (17) This fact would suggest that oxygen is being reduced to 
water rather than to hydrogen peroxide in this system 

The purified enzyme contains no flavin, as evidenced by the absorption spectrum 
(see Fig 1) or by paper chromatographic examination (24) of the supernatant ui 
of heat- and trichloroacetic acid-denatured preparations 
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and ei gothioneine All were without effect Recently, we have found that 
the methemoglobin leductase, isolated from beef erythiocytes, does not re- 
qune methylene blue foi activity When the beef blood enzyme is boiled, 
a material is obtained which activates the human leductase’ The puri- 
fication and pioperties of this natmal cofactoi aie cuirently under investi- 
gation 

It IS of mterest to i ecall that the disease, congemtal methemoglobinemia, 
vhich IS characterized by steady state levels of MHb m the eiythrocyfies 
as high as 10 to 30 per cent, has been treated successfully by periodic in- 
fusion of massive amounts of methylene blue (25) 

The authois aie indebted to Di Pieston Talbert for his contribution to 
this problem and to Di Clement Finch foi many helpful discussions on 
the chmcal aspects of methemoglobinemia 

SUMMARY 

1 Reduced triphosphopyridine nucleotide oxidase, or methemoglobin le- 
ductase, has been isolated fiom hemolysates of human, matuie eiythrocytes 
by means of ethanol-chloiofoim tieatment, precipitation of inert proteins 
at pH 5 4, and ammonium sulfate fiactionation 

2 The enzyme is a hemoprotein with a moleculai weight of approxi- 
mately 185,000, based upon pyiidine hemochi omogen and total iron de- 
terminations 

3 The enzyme oxidizes reduced tiiphosphopyridine nucleotide, and to a 
lesser extent reduced diphosphopyndine nucleotide, with oxygen, methe- 
moglobm, or cytochrome c as the terminal election acceptor Methylene 
blue IS reqmred as an electron carrier 
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ADRENOCORTICAL STEROID C-20-ICETO REDUCTASE* 
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Previous work from this laboratory established that whole homogenates 
of rat hver actively alter the characteristic 17,21-dihydroxy-20-ketone side 
chain of adrenocortical steroids (2) The enzyme was found m both the 
microsome and supernatant fractions obtained by conventionaP differential 
centrifugation (3) The rate of the reaction was markedly accelerated upon 
the addition of cosubstrates (citrate, isocitrate, G-G-P^) oxidized by TPN- 
dependent dehydrogenases (3) It has also been shown by product identi- 
fication that the degradation reaction involves a reduction of the C-20 
ketone to the corresponding C-20 alcohol (4) There seems to be httle 
doubt that the C-20-keto reductase® described here for rat hver is identical 
with the enzyme system described for rat hver by Hubener et al (7), 
ForchieUi et al (8), and Eisenstem (9), and is similar to that described for 
hog hver by Caspi et al (10) and for rabbit hver by Taylor (5) This 
report extends our earher studies on the intracellular locahzation of the 
C-20-keto reductase reaction Data on the pyridine nucleotide requirement 
of the C-20 keto reduction are presented, as well as observations on the 
stabihty of the enzyme and the relative inactivity of the C-20-keto reduc- 
tase system against steroids lacking the l7Q:-hydroxyl group Previous 
observations by others on the hver metabolism of adrenocortical steroids 
are discussed m the hght of the data presented in this report 

* Tbis investigation was supported by research grants Nos A-329(C2) and A-331- 
(C2) from the National Institute of Arthritis and Metabolic Diseases, National In- 
stitutes of Health, United States Public Health Service A preliminary report has 
been published (1) 

* The maximal gravitational field available in the preliminary vork was 20,000 X 
9 

* Abbreviations used are as follows G-6-P, glucose 6-phosphate, TPN, triphospho- 
pyridine nucleotide, DPN, diphosphopyndine nucleotide, DPNH and TPNH, the 
corresponding reduced cofactors, Tns, tris(hydro\ymethjd)aminomethane, RNA, 
ribonucleic acid, DOC, deoxycorticosterone, RNAse, nbonuclease 

® The term C-20-keto reductase is suggested for the system reducing the C-20 
ketone of adrenocortical and possibly other steroids (5) The justification for this 
term, apart from its obvious simplicity and suggestiveness, lies in the fact that a ma- 
jor metabolic pathv ay of the C-20 ketone involves reduction to the alcohol (6) 
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EXPERIMENTAIi 

Male rats (The Holtzman Company, Madison 4, Wisconsin), 150 to 
300 gm fed ad hbiium, were used The animals were killed by cervical 
section and exsangumated The hver was removed and placed in ice-cold 
0 25 M sucrose which was 0 04 m with respect to mcotinamide This 
medium was used throughout all differential centrifugation steps which 
were at 0-2° 

Homogenization and Differential Centrifugation — Homogemzation was 
earned out with an all-Lucite homogenizer of the Potter-Elvehjem tj^ie 
The centrifugation techmques employed were adapted to the nature of the 
experiments For the study of the intracellular locahzation of the C-20- 
keto reductase, a typical sedimentation and washing routine was employed 
10 per cent whole homogenates of rat hver were centrifuged (International 
table model centrifuge, head No 213 or 215) twice for 12 imnutes at 600 X 
g to remove the whole cells and nuclei The nuclear sediment was washed 
twice The combined homogenate and washings were sedimented at 
6000 X g for 15 nunutes (Amencan Instrument Company, Inc , high speed 
angle centnfuge, eqmpped with refrigeration, tube angle 32°) These 
centrifugation conditions sediment all mitochondna and some microsomal 
material (11) Upon resuspension and resedimentation (two cycles), some 
microsomal matenal appears as a loose fluffy layer, which was removed 
and added to the Sz fraction * For experiments in which tlje distnbution 
of the C-20-keto reductase was studied in the Sz fi action, or for obtaining 
nucrosomes rapidly for routine use, whole homogenates were centrifuged 
at 6000 X ^ to remove nuclei and mitochondria together, and the sediment 
was washed once The resulting Sz fraction, including any loose fluffy 
matenal, was then subjected immediately to enzyme study The Spmeo 
preparative ultracentnfuge, model L, was used to sediment nucrosomes 

Materials — Glucose-6-phosphate dehydrogenase, TPN, DPN, and 
DPNH were products of the Sigma Chemical Company TPNH was 
prepared from TPN by a slight modification of the hydrosulfite method of 
Gutchko and Stewart (12) A molar absorbancy index of 6 22 X 10^ 
hters per mole per cm (13) was used to calculate TPNH and DPNH 
concentrations from readings at 340 m^t in the Beckman DU spectrophotom- 
eter Crystalhne alcohol dehydrogenase was obtained from the Nutn- 
tional Biochemicals Corporation The isocitric dehydrogenase preparation 
was an extract (01 m potassium phosphate buffer, pH 7 4) of pig heart- 
acetone powder The undiluted phosphate buffer extract had an activity 

♦Differential centrifugation terminology used is as follows Sj fraction, nuclei 
and nutochondna-free supernatant fraction, Sj fraction, final particle-free superno 
tant fraction An eqmvalent mg (eq mg ) of any fraction is the total amoun o 
that fraction obtained from 1 mg of wet weight of whole liver 
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of 2480 umts per ml , assayed according to GraflBin and Ochoa (14) The 
cortisone used was a product of The Ghdden Company, the corticosterone 
was a gift of Dr A Zaffarom, Syntex Research Laboratories, Mexico 
City, the deoxycorticosterone was a gift from Dr E Myles Glenn, The 
Upjohn Company, Kalamazoo 

Analytical — ^The course of the steroid reduction reaction was followed 
by substrate disappearance, the disappearance of the a-ketol side chain 
of DOC and corticosterone was followed with the blue tetrazohum reaction 
(16) Disappearance of the 17,21-dihyxiroxy-20-ketone side chain of 
cortisone was traced with the Porter-Sdber reaction (16) and with blue 
tetrazohum The total reaction volume was 5 ml The reaction was 
stopped by the addition of 20 ml of CHCL Extraction was carried out 
by mechamcal shaking The CHCL extract was washed according to 
Glenn and Recknagel (2) Assays for unchanged steroid substrate were 
earned out on ahquots of the CHCL extract, after removal of the CHCL 
by evaporation under a stream of clean air Tissue blank values were 
rarely above 0 040 optical density umt m any of the anal 3 rtical procedures 
and were usually 0 025 or lower The CHCL extraction procedure efficiently 
removes imchanged steroids In one senes of fifteen experiments, the 
recovery of cortisone from control tubes as assayed spectrophotometncally 
at 240 mp was 97 9 per cent, with a standard deviation of 5 18 pei cent 
In a parallel senes of twenty experiments, the recovery of cortisone assayed 
accordmg to Porter and Silber (16) was 98 0 per cent, with a standard 
deviation of 3 6 per cent 

RESULTS AND DISCUSSION 

Pyndine Nucleotide Dependence of C-20-Keto Reductase Reaction — Expen- 
mental, investigation of the intracellular localization of the C-20-keto 
reductase system and further efforts to purify the enzyme clearly require a 
supply of the necessary cofactors for the reaction It is for this reason 
that the question of the source of the hydrogen m the reduction reaction, 

I e the possibihty that a reduced pyndine nucleotide may function as a 
specific cofactor, is decisive at the present time in the further study of this 
problem The pyndme nucleotide reqmrement of the C-20-keto reductase 
reaction was first suggested m view of the interpretation of the “dilution 
effect” data of Recknagel and Glenn (3) It was observed that the C-20- 
keto reductase activity of relatively high concentrations of rat hver S 2 
fractions was proportional to enzyme concentration but that the activity 
of the system upon dilution decreased far more than would be expected 
from the dilution factor alone This dilution effect is characteristic of 
complex cofactor-requiring or multienzyme systems and suggests that a 
necessary factor or factors are present in sufficiently high concentration 
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when large amounts of the crude enz 3 ane are added but is diluted out when 
lesser amounts of enzyme are used The fact that the dilution effect was 
overcome upon addition of citrate, isocitrate, or G-6-P suggested that the 
system reqmred TPNH as hydrogen donor, smce these substiates are 
oxidized by TPN-dependent dehydrogenases Further indirect evidence 
bearing on the pyridine nucleotide reqmrement of the C-20-keto reductase 
reaction may be derived from observations on the apparent instabffity of 
the enzyme It was observed earher by Glenn and Recknagel (2), and 
more recently by Hubener et al. (7), that the C-20-keto reductase activity 
of the microsomes decreases during differential centrifugation procedures 
The fact that the C-20-keto reductase system has been shown to be a 
relatively stable enzyme (see below), provided that the assay is carried out 
m the presence of a TPNH-generating system, clearly indicates the pyn- 
dme nucleotide reqmrement of the system The enhancement in activity 
on recombination of microsomes and supernatant fraction reported earher 
by Recknagel and Glenn (3), and more recently by Hubener et al (7), 
appears to be due to the presence m the supernatant fraction of the com- 
ponents of an endogenous TPNH-generating system The conclusion of 
Hubener et al (7) that the C-20-keto reductase reaction is not TPNH- 
dependent wms based on an expenment in which the enzyme preparation 
was the supernatant fraction of a phosphate buffer, KCl homogenate of 
rat hver after centrifugation at 17,500 X g This procedure would effec- 
tively remove a large fraction of the active enzyme which can be sedimented 
in part at 20,000 X g, even from 0 25 m sucrose homogenates which are 
known not to have the agglutmating effects on cell particulates as do media 
of high lomc strength (17) Hubener et al (7) based their conclusion 
relevant to the non-dependence of the C-20 keto reduction on TPNH on 
the fact that the jneld of /3-cortoF from tetrahydro F was only 10 per cent 
in comparison to 6 per cent in the absence of a TPNH-generating system 
It appears to us that the conclusion was unjustified either in view of the 
fact that in their experiments the TPNH-generating system did produce 
a 67 per cent increase in activity or because the low yields do not permit a 
decision to be made 

Direct evidence for the pyndine nucleotide dependence of the C-20-keto 
reductase reaction is presented m Table I Failure of added isocitric 
dehydrogenase to augment a system already containing TPN, isocitrate, 
and manganese is attributed to endogenous isocitric dehydrogenase present 
in the crude enzyme There can be httle doubt, from the data presented, 
that the C-20 keto reduction is markedly accelerated in the presence of a 
TPNH-generating system 

Determmation of the pyridine nucleotide specificity of the C-20-keto 

5 See Pukushima et al (6) for nomenclature 
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reductase leaction by diiect addition of chemically reduced DPNH or 
TPNH was not possible because of the presence of active DPNH and 
TPNH oxidase activity in the microsomes However, it was possible to 
maintain a continuous supply of DPNH by employing the alcohol dehydro- 
genase system at pH 8 8 Because of its relatively high potential, Eo' = 
—0 20 volt (18), the ethanol-acetaldehyde system cannot reduce the 
DPNH-DPN system, £'o'=— 0 32 volt (19), at neutrality However, as 
the pH becomes more alkaline (20) the potential of the ethanol-acetalde- 
hyde system becomes more negative at twice the rate of that of the DPNH- 
DPN system The reduction pressure of a large excess of ethanol is then 
able to achieve a sigmficant reduction of DPN The data of Table II m- 


Table I 

Dependence of Microsomal C-SO-Keto Reductase on TPNH -Generating System 



C 20 ketone lost 

Microsomes alone 

y 

None 

“ -f TPN 

7 

“ 4- isocitrate 

3 

“ TPN -t- isocitrate 

28 

« + « + « + Mn++ 

42 

“ -f- “ -f “ 4* “ -b isocitric de- 


hydrogenase 

42 


Conditions 200 eq mg of rat liver microsomes, 100 /imoles of Tns buffer, pH 7 4, 
3 ;tmoles of MnCh, 200 /imoles of nicotinamide, 20 /xmoles of isocitrate, 3 /xmoles of 
TPN, 180 y of cortisone, plus added isocitric dehydrogenase in the complete system 
Final volume, 5 0 ml , incubation in air at 37 5° for 30 minutes 

dicate that, under conditions by which the reduction pressure {i e value 
of Eh) of the DPNH-DPN system was equal to that of the TPNH-TPN 
system, the extent of the C-20-keto reductase reaction with DPNH was 
only one-sixth of that with TPNH The conclusion that the C-20-keto 
reductase shows a rather marked preference for TPNH appears justified 
Intracellular Localization of C-20-Keto Reductase Activity — Previous data 
(3) indicated that the C-20-keto reductase reaction was absent from the 
nuclear and mitochondrial fractions However, it was pomted out (3) 
that, since the reaction appeared to require an auxihary supply of TPNH, 
the failure of the nuclear and mitochondrial fractions to exhibit C-20-keto 
reductase activity imght be due to absence of endogenous dehydrogenases 
for the cosubstrates used (G-6-P, isocitrate) This question was re- 
exanuned under conditions whereby TPNH was continuously supplied by 
the G-6-P dehydrogenase system (Fig 1) The quantity of glucose-6- 





278 


C-20-KETO REDUCTASE 


Table II 

Pyridine Nucleotide Specificity of C-20-Keto Reductase Reaction 


Pninary 
reductant added 

Pyndine nucleotide ^ 

Potentials of pyndine 
nucleotide system j 

Cortisone lost 

Added ^ 

Present at 

60 min * 

1 

Oxidued 
Reduced | 

£o' 

i 

1 

1 

£0 

Eh 

Isocitrate 

Ethanol 

moles 

20 

3440 

TPN 

DPN 

n- 

moles 

3 0 
5 6 

TPNH 

DPNH 

/*- 

moles 

1 3 

2 8 



volt 

-0 114 
-0 11 

volt 

-0 375 
-0 374 

7 

68, 66, 61 
18, 7, 10, 
13, 10 


The calculated reduction potential {Eh) of either pyndine nucleotide system is 
given by Eh = E’^ + Q 03 log oxidized/reduced — 0 03 pH, in which “Oxidized” and 
Reduced” are the actual experimental concentrations found for the oxidized and re- 
duced forms of the pyndine nucleotide, pH 8 8, and the values of are the cor- 
responding Eq values corrected to pH 1 0, according to the equation E^ = Eo' -f 
0 03 pH Other conditions, for both reactions, were 200 eq mg of rat liver micro- 
somes, 180 y of cortisone, 3 /nmoles of MnClj, 200 /imoles of Tns buffer, pH 8 8, 300 
/nmoles of nicotinamide, and 0 2 ml of ethanol For the generation of TPNH, iso 
citrate, isocitric dehydrogenase, and TPN were added For the generation of 
DPNH, alcohol dehydrogenase and DPN were added Final volume, 5 ml , aerobic 
incubation at 37° for 60 minutes 

* Determined by measuring the extinction at 340 m/n of a 0 3 ml aliquot of the 
reaction mixture read against a similar aliquot from a blank tube containing all the 
constituents except the pyndine nucleotide-generating system 



LIVER FRACTION, eq mg 

Fiq 1 Recovery of C-20-keto reductase activity in Ss fraction of rat liver Con 
ditions 180 T of cortisone, 100 /imoles of potassium phosphate buffer, pH 7 4, 
/.moles of MgClj, 15 /.moles of glucose 6-phosphate, 0 1 ml of glucose-6-phosphate 
dehydrogenase. 1 /.mole of TPN, 60 /.moles of mcotinamide, and 750 /.moles of sucrose, 
final volume, 5 ml , anaerobic incubation for 60 minutes at 37° 
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phosphate dehydrogenase added was sufficient to reduce completely the 
added TPN in 7 minutes The data of Fig 1 confirm that the nuclei and 
nutochondria aie devoid of C-20-keto reductase activity In Fig 2 are 
presented data obtained after prolonged high speed centrifugation of Sz 
fractions in an effort to determme the distribution of the C-20-keto reduc- 
tase between the microsome and supernatant fractions There can be 
httle doubt, m view of the data presented, that the C-20-keto reductase 
IS m large measure associated with the rmcrosomes Since the protein 
content of the supernatant fraction is twice that of the rmcrosomes (21), 



HRS AT 105,000 X <3 

Fig 2 Recovery of C-20-keto reductase activity in the microsome fraction 
Conditions 180 y of cortisone, 100 /imoles of Tris buffer, pH 7 4, 3 /xmoles of MnCIj, 
20 /imoles of isocitrate, 3 /imoles of TPN, 200 /nmoles of nicotinamide, final volume, 
5 0 ml , aerobic incubation for 30 minutes at 37 5° Experiments 1 and 2 refer to 
two separate experiments 

the enzyme is concentrated in the imcrosome fraction to a very high 
degree 

Stdbikty of C-20-Keto Rediictase and Bindtng to Microsomes — It was 
reported earher by Glenn and Recknagel (2) and more recently by Hubener 
ef al (7) that the C-20-keto reductase was unstable Hubener et al 
attributed the loss of activity observed on fractionation of the homogenate 
to mechanical destruction of the microsomes However, contrary to these 
reports, the C-20-keto reductase activity of rat hver microsomes has been 
found to be stable under a vanety of expenmental conditions, provided 
that a TPNH-generating system is added (Table HI) It may be pointed 
out that freezing and hypotomc media are very destructive of the labile 
enzymes of oxidative phosphorylation associated with mitochondna 
Work of Christie and Judah (22) and Dianzam (23) has mdicated that rat 
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livei mitochondria are sensitive to CCh, and work m this laboratory® has 
also indicated that CCU and other hydrocarbons m small concentration 
markedly altei typical biochemical properties of the mitochondna The 
extreme sensitivity of mitochondria to fieezmg, mechamcal agitation, 
hypotonic media, and CCI4 and the msensitivity of the microsomal C-20- 
keto reductase to these treatments indicate a relatively high order of 
stabihty for this enzyme In several experiments, C-20-keto reductase 
activity after lyophihzation compared favorably with that of fresh ini- 
crosomes In the light of the above data pertinent to the relative stability 
of the C-20-keto reductase system, the earher findings of instability can 
now be ascribed to loss of one or more components of an endogenous 


Table III 

Stabihly of Microsomal C-20-Keio Reductase 
Data are given in per cent loss of activity in companson to fresh microsomes 


j 

Loss of C 20 keto reductase 

Frozen, thawed, and analyzed immediately 

No loss of activity 

Washed in hypotonic medium (0 04 m mcotinamide) 

(t (t ti tt 

Treated with aqueous saturated CCI4 

l( (( (t It 

Stored at —10° for 4 days 

29 6 


Conditions 180 7 of cortisone, 100 pmoles of potassium phosphate buffer, pH 7 4, 
3 /tmoles of TPN, 20 /nmoles of MgClz, 21 /tmoles of G-6-P, 0 1 ml of G-6-P dehydro 
genase (24) , final volume, 5 ml , 30 minutes incubation at 38° For the experiment 
with CCI4, the microsomes were suspended for 20 minutes at 0° in 0 25 m sucrose 
which had been equilibrated against CCI4 The microsomes were subsequently re 
covered by centrifugation at 2 4 X 10® (7-minutes (25) and assayed 

TPNH-generatmg system The fact that isocitric dehydrogenase (26) and 
glucose-6-phosphate dehydrogenase (25) are both largely soluble enzymes 
supports this supposition 

In the course of a number of experiments designed to solubilize the 
nucrosomal C-20-keto reductase activity, it became evident that this 
enzyme is tightly bound to the microsome fraction The enzyme could 
not be removed by two successive washes with the 0 25 m sucrose, 0 04 M 
mcotinamide medium, or with 10 m KCl The enzyme resisted solubiliza- 
tion m a mechamcal cell disintegrator The apparatus used (courtesy of 
the Biochemistry Department, Western Reserve Umversity) was essentially 
that descnbed by Nossal (27) and was run for 20 seconds at 6500 cycles 
per minute, 8 0 ml of 25 per cent miciosomes were used with 7 5 gm of 
ground glass Treatment of the microsomes with ribonuclease resulted in 
no loss of C-20-keto reductase activity, and all the enzyme activity re- 

6 R 0 Reckuagel, unpublished 
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mauled associated with the msoluble residue following RNAase digestion 
It was found that 250 eq mg of hver microsomes reqmred 750 -y of crystal- 
line RNAase (Nutritional Biochemicals Corporation) for maximal digestion 




Fig 3 Substrate specificity of the C-20-keto reductase Conditions A, same as 
those in Table I, except that the S 2 fraction ivas added as indicated Either 180 
y of cortisone or 180 7 of DOC were added per reaction tube Incubation at 38° for 
1 hour B, same as A, except that either 180 7 of hydrocortisone or 180 7 of corti- 
costerone were added O, reaction followed with phenylhydrazine (16), A, reaction 
followed with blue tetrazolium (15) 

of RNA m 20 minutes at 37° (glycylglycme buffer, pH 7 0), as evidenced 
by the fact that no further material absorbing at -E '260 was released from 
the microsomes into solution with larger amounts of RNAase It was 
found that C-20-keto reductase activity was destroyed when the micro- 
somes were treated with 1 per cent, 3 per cent, or 6 per cent aqueous 
sapomn Aqueous 1 per cent digitomn almost completely destroyed the 
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enzyme, and its activity was inhibited 50 per cent at a final concentration 
of 0 05 per cent deoxycholate Some success m solubihzation of the 
enz 3 Tne has been achieved with sodium lauiyl sulfate (Duponol PS, du 
Pont) 

Substrate Specificity of C-20-Keto Reductase — Data presented m Fig 3 
mdicate that the C-20-keto reductase of rat hver shows a marked preference 
for steroids with a characteiistic 17,21-dihydroxy-20-ketone side cham and 
is relatively inactive agamst steroids lacking the ITa-hydroxyl group 

The possibihty was considered that steroids lacking the Da-hydroxy 
group would be reduced by DPNH However, m an experiment with rat 
hver microsomes, it was shovm that C-20 reduction of DOC proceeded to 
only a very small extent when DPNH was supphed via alcohol dehydro- 
genase at pH 8 8 


DISCUSSION 

Schneider and Horstmann (28), usmg rat hver shces, found that side 
cham disappearance of vanous adrenocortical steroids as measured by 
periodate oxidation was much less marked than when measured as disap- 
pearance of Porter-Silber-reactmg matenal The tentative conclusion of 
these authors that the degradation of the side chain involved a reduction 
of the C-20 ketone has since been amply confirmed Smce these early 
experiments, two distmct but complementary hnes of work on this problem 
have developed, one to study the mtracellular locahzation and mechanism 
of the reaction m greater detail and the other to establish the nature of 
the reaction products The mam emphasis has been on the later aspect 
of the problem Thus, Schneider, m a subsequent study (29), presented 
ample evidence that the A^-3-ketone of DOC was reduced to a vanety of 
allopregnane denvatives, but the yield of the C-20 reduction product was 
very low The data of Fig 3 , A , indicating the relative mactivity of the 
C-20-keto reductase of rat hver toward DOC, promdes an explanation at 
the enzyme level for this observation The conclusion of Schneider that 
the a-ketol side cham is more resistant to enzymatic alteration than the 
A^-3-ketone must now be limited to the 17-deoxysteroids Furthermore, 
smce DOC is extensively reduced at C-20 by hog hver (10), the generahza- 
tion must be hmited to the rat The defimtive product identification 
studies of Caspi et al (10) and of Hubener et al (7) have left no doubt that 
hog and rat hver can extensively reduce the C-20 ketone of adrenocortical 
steroids The identification of C-20-reduced steroids m human unne (6) 
has also established for man the importance of this reaction in the metab- 
olism of the adrenocortical steroids 

The main hne of emphasis of the work m this laboratory has been to 
establish the mtracellular locahzation of the C-20-keto reductase activity 
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and to establish the source of the hydrogen for the reductive step Previous 
work on the question of the inti acellular localization of the C-20-keto 
reductase has not been definitive due partly to a failure to supply reduced 
TPNH (3) and partly to a concentration of elfort on product identification 
(7) rather than on an effort to obtain quantitative recovery of the enzyme 
activity m the various fractions equal to the unfiactionated whole homog- 
enate Work of other laboratories (7, 10) has also not been defimtive 
with regal d to the question of the source of the hydrogen in the C-20-keto 
reductase reaction No conclusions regarding the possible role of reduced 
pyndine nucleotides as hj'^diogen donors can be drawn by adding the 
oxidized cofactors, if an auxihary enzyme system capable of mamtainmg the 
cofactor in the reduced state is not provided Negative results followmg 
addition of the reduced cofactois are also not conclusive under conditions m 
which side reactions such as TPNH or DPNH oxidase activities may oxi- 
datively remove the hydrogen which might othermse serve as a source of 
reductive potential m the mam reaction Only imder conditions m 
which the actual reduction potential of the pyridine nucleotide system is 
mamtamed sufficiently negative by an auxihary reducing system and the 
actual concentration of the reduced cofactor is adequate for the Km of the 
enzyme activatmg the steroid is it possible to draw any conclusions regard- 
mg either the requirement or specificity of the steroid reductase for a 
reduced cofactor 

SUMMARY 

An adrenocortical steroid C-20-keto reductase, prepared from rat hver, 
will actively reduce the C-20 ketone group of cortisone m the presence of a 
reduced tnphosphopyridme nucleotide (TPNH) -generating system The 
reduction reaction exhibits a relative specificity for TPNH 

The C-20-keto reductase is predommantly associated with the microsome 
fraction, nuclei, mitochondna, and final supernatant fractions have httle 
or no activity The microsomal C-20-keto reductase activity is firmly 
bound to the imcrosome fraction 

The C-20-keto reductase exhibits a relative specificity for steroids with 
a 17,21-dihydroxy-20-ketone type side cham Two 17-deoxy type steroids 
were relatively mactive m the C-20-keto reductase reaction 

The techmcal assistance of Miss Maiyhn Littena is gratefully acknowl- 
edged 
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The metabolism, as measured by oxygen consumption, of organs tn 
situ IS bemg increasmgly investigated by the vascular catheterization 
techmque (see Drabkm (3) for pertment hterature) The oxygen consump- 
tion is denved from the artenovenous difference in the oxygen saturation 
or percentage of oxyhemoglobin (4) of blood entering and leaving the 
tissue Such work has pomted to the need of a practical and withal 
reliable method for the routme analysis of the oxygen saturation of small 
blood samples (5, 6) Probably the most accurate determination of the 
percentage of oxyhemoglobm available at present is the direct spectrophoto- 
metnc method of Drabkm and Schmidt (7), which avoids certain inac- 
curacies inherent m the standard, indirect gasometric techmque employed 
for many years (8, 9) The extension of optical instrumentation to the 
analysis of oxygen saturation was made possible by the use of the Drabkm 
and Austin special cuvette of calibrated 0 007 cm depth (10), which had 
been mtroduced much earher for measurements of this type upon whole 
blood or concentrated hemoglobm solutions unexposed to air An impor- 
tant advantage of the 0 007 cm cuvette is that it permits the examination 
of undiluted blood and thereby circumvents the volumetric measurement 
of the sample, which remams one of the least accurate steps of analytical 

* This work was done under contract between the Office of Naval Research and 
the Bureau of Medicine and Surgery, Department of the Navy, and the University 
of Pennsylvania Reproduction in whole or in part is pernutted for any purpose by 
the United States Government Preliminary reports have been made (1, 2) 

The data in this paper are largely taken from a portion of a thesis on “The optical 
properties of hemolyzed and whole blood,” presented by Edwin Gordy to the Faculty 
of the Graduate School of Medicine of the Umversity of Pennsylvania in partial ful- 
filment for the degree of Doctor of Medical Sciences 

t Fellow in Biochemistry Present address, Instrument Design Section, Rosvell 
Park Memorial Institute, Buffalo, New York 

t Present address, Department of Biochemistry, Graduate School of kledicine, 
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procedures upon this viscid fluid However, the very thin layer cuvette 
of Drabkin and Austin, designed originally for measurements largely m the 
green spectral region (Fig 1, Region 2), is of dehcate construction (see 
Drabkin and Austm (10), and Drabkm (11)) and is not ideally suited for 
routine practice 



Fig 1 Absorption spectrum curves, plotted as log B (log of the molecular ex- 
tinction coefficient (11)) against wave length in nullimicrons, for oxyhemoglobin, 
HbO 2 , deoxygenated hemoglobin, Hb , and carbonyl hemoglobin, HbCO The curves 
illustrate how the quantity of selective absorption in different spectral regions deter- 
mines the choice of depth of layer, d, or concentration, c, to secure optimal spectro- 
photometnc measurement of transmission, T (11) A pigment such as Hb02 has 
about a 500-fold difference in density over the range of the infrared, visible, and ul- 
traviolet regions, and three different cuvette depths with the same concentration, 
or three different ranges of concentration with the same cuvette depth are required 
for accurate measurement (11) Isosbestic points (regions of equal absorption), as 
at 805 and 505 m^i, are evident in spectral Regions 1, 2, and 3 Each of these regions 
may be suitable for the determination of two or all three of these pigments when they 
are present together in the sample The preferential choice of one of the regions 
depends upon the nature of the problem (see Drabkin (11)) Owing to the similarity 
of the absorption curves in Region 4, the ultraviolet region, this portion of the spec- 
trum IS obviously unsuitable for the determination of mixtures of hemoglobin denva- 
tives 

The prmciples of the thin layer spectrophotometnc technique m the 
determination of oxygen saturation (7 , 10) have been the basis of a number 
of proposed modified methods (12-15) in which one compromise or another 
has been employed to attam sunphfication It may be seen fiom the 
selective absorption charactenstics of oxyhemoglobin, Hb 02 , and deoxy- 
genated hemoglobm, Hb (Fig 1), that two factors, dilution and spectral 
region detei-mme the optunal depth to be used in spectrophotomet^ 
In an appropriate spectral wave band in the red (700 to 600 mp), a cuve 
of much greater depth than 0 007 cm can be employed In this commum- 
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cation a simplified diiect spectiophotometric techmque for the measure- 
ment of the peicentage of HbOa in undiluted blood wiU be described The 
piocedure letains desirable features in the original Drabkin and Schrmdt 
method (7), but is applicable to standaid photoelectric photometric 
eqmpment such as the Beckman DU spectrophotometer and the recently 
available Bausch and Lomb Spectromc 20 instrument, with only imnor 
modifications m the commonly employed 1 cm depth cuvettes The 
rehabihty of this technique in comparison with the classical mdirect 
gasometiic proceduie for oxygen saturation of Van Slyke and Neill 
(16) has been verified in extensive field trials, summarized in the “Note” 
appended to this paper by J B Marsh 

Equipment and Analytical Procedure 

Modification of Beckman 1 Cm Cuvette — The 1 cm cuvette is converted 
to one with a nommal depth of 0 05 cm by means of a snugly fitting, 
polished, parallel glass prism (Fig 2) ^ Our cuvette-pnsm combmation 
has a cahbrated optical depth of 0 067 cm , 10 times the depth of the 
Drabkm and Austin cuvette An optical depth up to about 0 1 cm can be 
employed effectively in the techmque The modified cuvette is sealed with 
a stopper cut from sponge rubber (Fig 2) 

Preparation of Blood-Collecting Vessel — ^A 6 ml capacity tonometer, as 
shown m Fig 2 (7), is used m the anaerobic collection and hemolysis of the 
blood samples Such vessels are prepared m advance as follows 1 ml of 
anticlottmg hemolyzmg solution is introduced mto each and allowed to 
dry slowly on the inner surface m a thm uniform layer by gently drawmg 
a stream of air through the tonometer Care must be taken to avoid 
trapping of air bubbles durmg drymg The anticlottmg hemolyzmg 
solution contams 50 mg of saponm (Merck, purified) , 12 mg of ammonium 
oxalate, 8 mg of potassium oxalate, and 2 mg of sodium carbonate per ml 
The prepared tonometric vessels are connected (Fig 2, o) to a small 
levelmg bulb which serves as a mercury reservoir, and to a male needle 
adapter (Fig 2, b and c) Through the reservoir, the tonometers, including 
their exit capillaries, are filled with thoroughly clean mercury, thereby 
completely expelhng the air The blood-collecting assemblies are now 
ready to receive the samples 

Collection of Blood Samples — The male needle adapter (Fig 2, c) is 
attached to a needle and, with the lower stopcock of the collectmg vessel 

* Such a pnsm (3 cm high, 0 98 cm wide, and 0 90 to 0 95 cm thick) can be made 
to specification at low cost by any good opticians’ establishment, which does its own 
lens grinding Only the two optical faces of the prism are polished The snug fit 
of the prism in the transverse direction of the cuvette (internal width of about 0 99 
cm ) is essential to insure alignment of the pnsm and reproducibility of depth 
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open and the upper stopcock closed, the needle is introduced into the blood 
souice (vein, arteiy, oi catheter) During ensuing operations, the mercury- 
levehng bulb is kept at appropriate, shght negative pressure By means of 



Fig 2 Sketch, drawn to scale, showing transfer of anaerobically collected and 
hemolj'^zed blood sample from glass tonometnc collecting vessel of 6 ml capacity, A, 
into modified Beckman cuvette, B The cuvette is represented in vertical and trans 
verse sections, the latter with entry and exit ports (needles) removed, ready for spec 
trophotometric measurement Arrows indicate the direction of luminous flux a, 
18 inch length of plastic tubing (Tygon, outside diameter 7 mm , inside diameter 4 
mm ) to mercury reservoir in small leveling bulb, held at slight positive pressure, 
b, 1 inch length of Tygon tubing (same as in a) , connecting collecting vessel with male 
metal needle adapter, c, d, female half of B-D type LLX 3 inch metal needle exten 
Sion (see the text) , e, 6 inch length of thin, flexible polyethylene tubing (outside 
diameter 2 mm , inside diameter 1 5 mm ), /, male half of B-D type LLX (see the 
text) , g, 25 gauge, 2 inch needle (entry port), h, short 20 gauge needle (exit port), 
t, tightly fitting stopper cut from sponge rubber, j, snugly fitting polished glass slab, 
which reduces the optical depth of the Beckman cuvette from 1 cm to 0 067 cm , A-, 
thin (0 067 cm ) layer of sample 


the upper stopcock, the small amount of dead space air is elumnated 
through the side arm of the tonometer, which is then filled with the blood 
sample The blood is allowed to displace all but 1 ml of mercury, retained 
to aid mixin g Both stopcocks aie now closed, and the tonometer is 
disconnected from the blood source The sample is thoroughly mixed and 
hemolyzed by gently rocking the tonometer for about 1 imnute We 
regard this method of preparing the blood sample as the most reliable 
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from the standpoint of ultimate accuracy However, it will be evident 
that acceptable lesults can be obtained in a further simplification of 
techmque m which the samples are collected and somewhat diluted m a 
syringe (see the “Note” by J B Marsh) 

Transfer of Sample to Modified Cuvette — ^Fig 2 is practically self-explana- 
toiy as to the method of filling the cuvette The connection between 
the collecting vessel, A, and the cuvette, B, is accomplished by means of 
the connector, d, e, and /, and a 2 inch, 25 gauge needle, g The connector 
IS made by cutting a 3 inch B-D type LLX metal needle extension mto 
equal length halves (female d, and male/), filing the cut ends smooth, and 
joimng them with a 6 inch length of thin flexible polyethylene tubmg, e 
(outside diameter 2 mm , inside diameter 1 5 m m ) The male end of the 
connector is attached to the needle, g, which is mserted through the sponge 
rubber stopper, i The point of this needle should touch the bottom of the 
cuvette A short 20 gauge needle, h, inserted through the stopper (Fig 2), 
IS a vent for the escape of air and excess blood, as the cuvette is slowly and 
completely filled from the bottom up with the sample During the transfer 
of the sample the tonometer is held vertical at shght positive pressure 
About 1 ml of blood is needed for filhng the modified cuvette, since the 
tonometer contains 5 ml , the sample is sufficiently large to allow for a 
hberal overflow through h This provision insures samples uncontaminated 
by air After the cuvette has been properly filled, both needles are removed 
and the sample is ready for measurement 
Spectrophotometry — ^Measurements are carried out in the usual manner 
with the Beckman DU spectrophotometer The method depends upon 
optical density (D) readings at two wave lengths, 660 and 805 mg The 
narrowest possible slit is used, namely 0 015 to 0 02 mm , which corresponds 
to a spectral band width (span or wave band) of 2 5 to 3 mg Fig 1, 
showing the absorption spectrum curves of Hb02, Hb, and HbCO m the 
infrared, visible, and ultraviolet regions, supplies the information upon 
which the choice of spectral region and cuvette depth is based (11) It 
niay be seen that wave length 660 mg is a region of large spectroscopic 
difference between Hb02 and Hb, whereas at 805 m^j the absorption of the 
two pigments is isosbestic (11), i e the same The measurement m the 
latter region is an effective and convenient substitute for an independent 
determination of total pigment, but is utilized with the assumption that 
one IS dealing only with mixtures of the two pigment species, Hb02 and Hb 
This assumption of a two-component system is inherent in the proposed 
method of handhng the data (below) and appears to hold for most blood 
samples, which normally contain only traces of methemoglobm, MHb (4, 7) 
and. With the possible exception of samples from hea\’ 3 ^ smokers (9), onl}'^ 
aeghgible amounts of carbonyl hemoglobm, HbCO 
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The spectrophotometric constants, e values, supplied in Tables I to III, 
are frachonal molar extinction coefficients ( 11 ) ^ 

Determination of Percentage of HhOi — knowledge of the optical density, 
Z>, of the sample at wave lengths 660 and 805 mfi and the spectrophotO' 
metric constants of Hb 02 and Hb in these spectral regions, obtamed from 
Table I, are all that is required to calculate the per cent of Hb 02 present 
The validity of the use of these constants and theworkmg equation (Equa- 
tion 8 , below) based upon them may be inferred from the good agreement 
between results obtamed by this method and by the gasometric procedure 
However, the four groups of investigators who participated in the tnal of 
the optical method used the Beckman DU spectrophotometer (see the 
“Note” by J B Marsh) It should be cautioned that the e values are not 
necessarily transferable to photometric eqmpment oi conditions of measure- 
ment which do not allow the narrow spectral isolation used by us For 
those employmg filter photometers or wide spectral bands for measurement. 
Equation 5 (below) may be used by substituting in it the values for f 
determmed m the particular instrument The development of the working 
equation parallels that of Drabkin ( 11 ) for mixtures of carbonyl and 
oxyhemoglobin and is apphcable to any two-component mixture at any 
two appropriate wave lengths, with at least one of which advantage may 
be taken of a large diffeience in the spectral absorption between the two 
components The following symbols are used A and B, the two com- 
ponents, exi^, ex 2 x, CMS, and ex 2 B, the extinction at definite concentration 
and depth of layer for the respective components, established at the two 
wave lengths, XI and 72 , x, the fraction of component A, and 1 — a:, the 
fraction of component B, r, the ratio of optical densities, D\i and Dk, 
obtamed by measurement on the mixtiue The relationship between r, x, 
and extinction coefficients may be at once formulated as 

^ ~b (1 ~ 

-b (1 — 

Solvmg for x, dividing by ex 2 B and collecting terms, the yield is 

r — 

^ Me ( 2 ) 

I 1 , ( txi.ll — txiB \ 

Equation 2 apphes to the general case, but m this particular mstance «x 2 i 

* at a concentration of 1 mmole per liter, referable to a 1 iron atom, equivalent 
weigbt of 16,700 for hemoglobin, and a cuvette depth of 1 cm The concentra ion 1 
all cases was determined spectrophotometncally upon aliquots converted in 0 cya 
methemoglobin with the constant e = 11 5 at wave length 540 m#i (17) 
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and ex 2 B are identical (isosbestic absorption at 805 mu (Table I)) and the 
first term, m the denominator drops out, yielding 


For practical convenience in later handling m this particular instance, the 
signs are reversed, obtaimng 


X 


^IB 

^IS 


r 


*XIB ~ 
^X2B 


(4) 


Equation 4 is now rewritten specifically to obtain Equation 5, apphcable 
to the photometnc determination of the fraction of HhOi by any optical 
eqmpment, when one of the two wave lengths used for measurement is an 
isosbestic region for the two components 


Fraction of HbOi = 


tposSb -Dgos 
*66l)Sb — tggoHbO; 


*806 


Hb 


(5) 


The estabhshed e values at wave lengths 660 and 805 mp (Table I) are 
substituted m Equation 5 to give 


which becomes 


Fraction of HhOz = 


0 820 .D{g|) 

0196 Djoi 
0 820 - 0 100 
0196 


( 6 ) 


Fraction of HbO^ = 


418 - 


D, 


3 67 


(7) 


Therefore, 


% HbOi = 



(S) 


It IS obvious that the per cent of Hb m the mixture is obtained fiom 
100 less per cent of HbO^, as given by the workmg Equation 8 It should be 
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evident that the exact optical depth of the cuvette employed need not be 
known for the determination of per cent of HbOa by the present method, 
provided that a reliably calibrated spectrophotometer affording narrow 
spectral isolation, such as the Beckman DU instrument, is employed, that 
the cuvette depth is between 0 05 and 0 10 cm , permitting the mstnunent 
to be used ovei its most accurate density range, when measurmg undiluted 
samples of blood, and that the spectrophotometric constants estabhshed 
by us (Table I) are accepted as apphcable On the other hand, for the 
estabhshment of the e values and for the determination of total pigment 
as cyanmethemoglobm, an accurate cahbration of cuvette depth is neces- 
sary 


EXPERIMENTAL 

The e values m Table I were derived from measurements with the 
Beckman DU spectophotometer and our modified 0 067 cm depth cuvette 
on mne samples of fresh human blood The fully oxygenated specimens 
(Hb 02 ) were obtained by equihbratmg 10 ml volumes of the hemolyzed 
blood in an atmosphere of oxygen in a 400 ml capacity tonometer The 
deoxygenated samples (Hb) were obtained by adding sufiicient active 
dithiomte, Na 2 S 204 (Eimer and Amend, low iron content), m solid form 

In published simplifications (12-14) of the ongmal Drabkm and Schmidt 
technique (7), the possibihty has been neglected that under certain condi- 
tions blood samples may contain more than minimal quantities of carbonyl 
hemoglobin, HbCO, or methemoglobm, MHb In such cases the above 
method, designed for a two-component rmxture of Hb02 and Hb, would 
yield erroneous information With a view of extending the technique to the 
determmation of the per cent of Hb02in the presence of HbCO or MHb, the 
extinction coefficients for HbCO, MHbacid (pH 6 1), and MHboikai me (pH 8 8) 
were obtamed for the red and near infrared spectral regions, wave lengths 
620 to 900 mu (Table II) The data in Table II disclose that wave length 
805 m^t can no longer serve for the total pigment estimation in hemolyzed 
blood samples containing several per cent of HbCO or MHb At 805 m/x 
the extinction of radiant flux by HbCO is only one-fifth that of Hb02 or 
Hb, whereas, dependent on the pH of the sample, MHb in this spectral 
region wiU have more than 2-fold greater absorption than either the HbOz 
or Hb species However, it may also be seen (Tables I and II) that the 
spectral absorptions of Hb02 and HbCO are practically identical at wave 
length 660 m;t Moreover, at this wave length and at an intermediate 
pH of 8 0, the extmction coefficients of Hb and MHb are virtually the 
same (Table I and Table II, footnotes) This information is utilized 
in the following further modification, designed by one of us (D 



E GORDY AND D L DEABKIN 


293 


D ), to affoid effective correction foi the presence of HbCO or MHb in 
blood suspected of containing abnormal amounts of either of these deriva- 
tives It IS assumed that e values at the wave length of 805 mu less than 
0 196 will leflect the presence of HbCO, whereas values greater than 0 196 

Table I 

Fractional Molar Extinction Coefficients* e, in Red and Near Infrared Spectral Regions 
for HbOi and Hb Obtained from Nine Samples of Whole Hemolyzed Blood 


HbOz, sample oxygenated, Hb, sample treated with Na 2 S 204 , measurements in 
modified cuvette of 0 067 cm depth with Beckman DU spectrophotometer, spectral 
span = 2 5 to 3 m /1 


Wave length 

HbOj 

Hb 

Wave length 

Hb02 

Hb 

€ 

S D t 

€ 

S Dt 


S D t 

e 

S D t 

mix 





mu 





600 

1 06 

0 03 


0 03 

755 

0 129 

0 on 





dbO 01 


±0 01 



±0 003 



605 

0 674 

0 013 

2 61 

0 05 

760 



0 378 

0 006 



±0 003 


±0 01 





dbO 002 

610 

0 464 

0 on 

1 96 

0 04 

800 

0 189 

0 010 

0 200 

0 007 



±0 003 


dbO 01 



±0 003 


d=0 002 

625 

0 228 

0 on 

1 22 

0 04 

805 

0 196t 


0 196t 




±0 003 


±0 01 






650 

0 118 

0 006 



810 

0 202 

0 010 

0 191 

0 005 



±0 002 





±0 003 


±0 001 

660 

mm 

0 018 

[ilSwH 

■jliiira 

850 

0 233 

0 005 

0 167 

0 005 



±0 004 


d=0 002 



±0 001 


±0 001 

695 


0 014 



900 

0 256 

0 006 

0 170 

0 003 



±0 003 


±0 004 



±0 002 


±0 001 

735 


0 004 










±0 001 


±0 002 







* See the text, footnote 2 

t Standard deviation = V2dV(» — 1) > the values after plus-minus are the stand- 
ard errors of the standard deviation = S D / ^/2n 
1 Obtained by interpolation 

Will indicate the presence of MHb (Tables I and II) Since such e values 
are obtained from Hsos/cd, where c is the concentration (in millimoles per 
liter) and d the cuvette depth in cm , the modified procedure demands that 
the concentration of total hemoglobin pigments be determined independ- 
ently on an ahquot of the sample converted into cyanmethemoglobin and 
that a cuvette of exactly calibrated depth be used Another ahquot, or 
the remainder of the sample, unexposed to air, is hemolyzed and at the 
same time adjusted to pH 8 0 by mcludmg appropnate buffer solution with 
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the saponin in the preparation of the tonometers In the handhng of the 
data three quantities are needed, Dm ph b o, -Dbob.ph b o, and theoretical 
■Ogos.pH B 0 (for a mixture of Hb02 and Hb) The first two are obtained by 
measurement, and the last is denved from Aob.ph b o = cbob Hbcd = 0 196cd 
The ratio, Dbbo.ph b o (measured) to Dsob.ph b o (denved), is substituted in 


Table II 

Fractional Molar Extinction Coefficients* «, in Red and Near Infrared 
Spectral Regions for HhCO, Acid MHb, and Alkaline MHh\ 

Measurements m unmodified Beckman cuvette 1 cm in depth on solutions pre 
pared from hemolyzed washed red cells at a concentration of 0 680 mmole per liter, 
with a spectral span of 2 5 to 3 m/i, HbCO samples obtained by equilibration with 
alkali- and water-washed illuminating gas, MHb samples prepared by addition of 
KsFeCCNle to appropriate buffered solutions at 0 1 lomc strength (see Austin and 
Drabkin (18)) 


Wave length 

HbCO 

MHbacldt 

MHbalkal»ne§ 

Wave length 

HhCO 

ItUlbaoidt 

MHbaUc&llDfiS 

€ 

e 

€ 

HI 

e 

c 

fn/i 

620 

0 424 

3 38 

3 24 

1 

W/i 

i • 760 

H 

0 198 

0 360 

630 


3 88 

2 14 

800 


0 326 

0 488 

640 

0 207 

3 85 

1 53 

805 

0 040 

0 345 

0 506 

650 


2 45 

1 24 

810 

0 040 

0 364 

0 523 

660 

0 105 

1 05 

0 517 

820 

0 040 

0 403 

0 544 

675 


0 320 

0 320 

840 

0 040 

0 475 

0 517 

680 


0 224 

0 301 

845 


0 499 

0 502 

720 


0 131 

0 336 

880 

0 040 


0 351 

740 


0 155 

0 345 

900 

0 040 

m 

0 298 


* See the text, footnote 2 
t Data obtained by one of us (D L D ) 

% pH 6 1, measured by glass electrode 

§ pH 8 8, measured by glass electrode e for MHb at intermediate pH between 
6 1 and 8 8 may be calculated (18), e for MHb at pH 8 0 = 0 826 at X660 m/i and 0 412 
at X805 mn 

Equation 8, which is now used to calculate the per cent of Hb02 This rel- 
atively simple procedure for obtaimng the per cent of Hb 02 m a mndure 
of BLb02, Hb, and MHb is possible because the absorption spectra of Hb02 
and Hb aie mvariant with pH and only that of MHb is pH-dependent (18), 
and because the adjustment of the pH to 8 0 renders identical the extinction 
coefficients of Hb and MHb Owing to the near identity of the e values 
(at 660 mjLt and at pH 8 0) of Hb and MHb on the one hand, and of HbOz 
and HbCO on the other, the evaluation of Hb m a mixture of Hb02, Hb, 
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and MHb or of Hb02 m a mixture of Hb02, Hb, and HbCO reqmres the 
use of appropriate correction factors, supphed m the followmg formula- 
tions 


% MHb = 1 

^^8 05 pH 8 0 

0196\ 

100 

(9) 

0 216 

) 

% HbCO = 

[ *805, pH 8 0 “ 

\ 0156 

■ 0 196' 

> 

o 

o 

(10) 


esoB.pH 8 0 IS obtained from the measurement of Dsob ph s o, smce egoB.pn s o = 
-Dsob pH 8 o/ cd In the above equations the numerators represent, respec- 
tively, the partial change m extinction between Hb 02 and MHbpn 8 o and 
between Hb02 and HbCO, whereas the denominators are, respectively, the 
total change or difference in e between the components (eMHbpH 8 o — 
«Hb 02 = 0 412 — 0 196 and eHb 02 “ tebco = 0 196 — 0 04) The method 
IS not apphcable to the simultaneous presence of both HbCO and MHb, 
but this situation should be encoimtered only rarely The absorption 
curves in Fig 1 suggest that wave length 1050 mp should be an ideal region 
for the determmation of Hb02 m mixtures of Hb02, Hb, and HbCO, since 
the two latter species are isosbestic at this wave length However, the 
Beckman DU spectrophotometer and other usually available eqmpment 
are maccurate beyond 900 to 1000 mju (11) 

Table III furnishes extinction coefficient values for Hb02 and Hb, ob- 
tained with the Bausch and Lomb Spectronic 20 spectrophotometer, used 
in combination with the Arthur H Thomas Roto-Cell assembly For the 
present purpose the latter adjunct is essential It is a water-cooled ear- 
ner which permits both the use of parallel side cuvettes of exact optical 
depth and the rapid interchange m the hght path of blank and sample ^ 
While the e values yielded by this eqmpment are not identical with those 
obtained with the Beckman DU spectrophotometer, nevertheless, as plot- 

’ The wave length scale of the Spectronic 20 instrument should be calibrated by the 
user and, if necessary, reset An « value of 11 5 at 540 m/x for cyanmethemoglobin 
vas found to be applicable to the Spectronic 20 instrument, provided with the blue- 
sensitive phototube, R M A type 5581, and the Thomas double chambered cuvette 
of Core\ brand glass Solutions of cyanmethemoglobin of known concentration v ere 
then used for the calibration of the depth of modiSed cuvettes For modifying the 
depth of each chamber of the cuvette, a pair of very snugly fitting glass pnsm spacers, 
0 93 cm in optical depth and 2 8 cm high, v as ground and polished to our specifi- 
cations by the Arthur H Thomas Company The calibrated optical depth of the 
modified partitioned cuvette was 0 0697 cm With these particular spacers, 0 3 ml of 
hemolyzed blood will not only fill the optical area but will allow for 0 2 ml of sam- 
ple above the spacers It is possible to use spacers of the same height as the cuvette, 
under these conditions about 0 12 ml of blood will suffice 
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ting of the data in Tables I and III will show, the relatively inexpensive 
Spectronic 20 spectrophotometer does a good over-all job in furnishing the 
absorption patterns of Hb02 and Hb Hence, the eqmpment can serve 
for a relatively accurate determination of per cent of HbOa m hemolyzed 
blood samples unexposed to air It may be calculated that the ratio of 
CHb/cHbos IS very shghtly greater here (Table III) at 650 than at 660 mji, 
and the isosbestic pomt is at 810 rather than at 805 mjn The e val- 

Table III 

Fractional Molar Extinction Coefficients* e, in Red and Near Infrared Spectral 
Regions for HbO^ and Hb Obtained on Whole Hemolyzed Blood'\ 

HbOj, sample oxygenated, Hb, sample treated witb Na 2 Ss 04 , measurements with 
the Bausch and Lomb Spectronic 20 diffraction-grating spectrophotometer, provided 
•with red and infrared sensitive phototube, type 1P40, a Corning red glass for filter- 
ing out interference from the second order spectrum produced by the grating, Ar 
thur H Thomas Roto-Cell assembly, which accommodates the partitioned cuvette, 
here modified to a calibrated depth of 0 0697 cm by means of glass prism spacers 
and a voltage stabilizer. 


Wave length 

HbO. 

Hb 

Wave length 

HbO. 

Hb 

« 

< 

■gH 

e 

itifi 

600 

0 848 

2 74 

fnfi 

750 


0 459 

610 

0 630 

1 96 

760 


0 454 

620 

0 348 

1 50 

800 

0 248 

0 285 

630 

0 263 

1 24 

805 

0 254 

0 269 

650 

0 178 

0 997 

810 

0 261 

0 263 

660 

0 165 

0 913 

850 

0 304 

0 254 

700 

0 143 

0 537 

900 

0 337 

0 267 

740 

0 176 

0 417 

1 

1 




* See the text, footnote 2 

•f Data obtained by one of us (D L D ) 


ues at wave lengths 650 and 810 mpi are used as m Equation 5, and the 
following working equation applicable to the Spectronic 20 instrument is 
denved 


% Hb02 



(11) 


Because of the compaiatively small volumetric size of the optical compa^ 
ments of the Thomas cuvette, this eqmpment is particularly suitable or 
small blood samples 
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Note on Results with Present Optical Method in Comparison with 
Those by Gasometnc Technique 

By Julian B Marsh 

(From the Department of Cardiorespiratory Diseases, Army Medical Research 
Institute, Washington, DC) 

The technique of Gordy and Drabkm was adapted for use with ordinary 
syringes The method of obtaining and hemolyzing the blood was essen- 


Table IV 

Comparison of Results by Gordy and Drabkm Spectrophotometnc Procedure 
with Those by Gasometnc Technique 


Investigators 

No of 
individual 
sample 
comparisons 

Mean difference in 
per cent saturation 
between spectro 
photometric and 
gasometnc analysis 

standard error of 
the mean difference 

Marsh, J B , Khoun, E , and Jetton, 
M * 

39 

per cent 

d-o 62 

±0 579 

Williams, M H * 

86 

+1 97 

±0 368 

Cooper, D Y , Billman, D E , and 
Cooper, H Rf 

29 

-1-1 00 

±0 593 

Wyeth, J , Ecker, P , and Polis, B D f 

14 

+0 41§ 

±0 252 


* From the Department of Cardiorespiratory Diseases, Army Medical Research 
Institute, Washington, D C 

t From the United States Naval Medical School, Bethesda, Maryland 
t From the Aviation Medical Acceleration Laboratory, United States Naval Air 
Development Center, Johnsville, Pennsylvania 

§ Calculated from the data of Wyeth, Ecker, and Polls (19), assuming an oxygen 
capacity of 20 volumes per cent for all samples 

tially that of Hickam and Frayser (14), except that the sapomn was intro- 
duced mto the syringe through a 3-way metal stopcock After hemolysis, 
a 3 mch, 22 gauge needle, bent at right angles, was attached, and the sam- 
ple was delivered at the bottom of a Beckman cuvette 1 cm deep but modi- 
fied to a depth of 0 10 cm by means of a Incite (Plexiglas) block, 9X9 mm 
in cross section and 3 5 cm high It was convenient to place a small screw 
in the top of the Incite block so that it could be removed easily Such 
plastic prisms were inexpensive substitutes for the polished glass prisms 
used by Gordy and Drabkm, and were discarded when their optical faces 
became marred after a period of service 
Measurements of the optical density at 660 and 805 my were made vith 
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the Beckman DU spectrophotometer, and the per cent saturation (per 
cent of HbOz of the total hemoglobin) was calculated by means of the 
working Equation 8, based on the constants estabhshed by Gordy and 
Drabkin (Table I) The optical density readings remamed unchanged 
for at least 15 mmutes, and presumably it was not necessary to prevent 
exposure of the solution above the light path to the air, as m the cuvette 
described by Nahas (13) The chief source of difficulty m the present 
method was m the unrehabdity of commercially available sapomn prep- 
arations We found some samples of Merck and Eastman Kodak saponin 
to be satisfactory With hemolytically potent sapomn preparations, it 
was not necessary to use a 30 per cent solution, the concentration em- 
ployed by Hickam and Frayser (14) In many of the determinations 
(Table IV), the blood was hemolyzed -with 0 2 volume of 10 per cent 
sapomn (Eastman Kodak, special) buffered at pH 7 4 with phosphate 
buffer Wyeth, Ecker, and Pohs (19) used a detergent, Triton X 100 
(0 05 volume of a 33 per cent solution in 0 1 m borax), as the hemolytic 
agent 

The data m Table IV aie a summary of results in four mdependent field 
trials of the Gordy and Drabkm method, carried out during the past 4 
years In confirmation of earher fiindmgs (9), the per cent of oxygen 
saturation was shghtly highei by the spectrophotometnc than by the 
classical Van Slyke and Neill (16) gasometric method However, the 
agreement of the mdependent techmques was most satisfactory 

DISCUSSION 

The present simphfied spectrophotometnc method for the determination 
of the per cent of HbOa m hemolyzed blood unexposed to air letams the 
essential desirable features m the original Drabkin and Schnoidt technique 
(7) The method is easily adaptable to standard eqmpment, such as the 
Beckman DU spectrophotometer and the new mexpensive Bausch and 
Lomb Spectromc 20 mstrument The manipulative steps mvolved are 
simple and rapid, and only small blood samples are required Disadvan- 
tages m other modifications of the Drabkin and Schimdt thm layer tech- 
mque (13, 14) have been overcome 

Under optimal conditions, a single component of a mixture of several 
species, the absorption constants of each of which have been estabhshed, 
can be determined spectrophotometncally with an accuracy of 1 per cent 
(7, 11, 18) The agreement between per cent of oxygen saturation (« c 
per cent of HbOz of total hemoglobin) determined mdependently by the 
present, direct spectrophotometnc techmque and that determmed by t e 
indirect gasometnc method was easily within 2 per cent 
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SUMMARY 

A Simple, lapid, and accurate method for the spectrophotometric analy- 
sis of the per cent of Hb 02 m hemolyzed blood unexposed to air has been 
described 

The method is applicable to standard eqmpment, such as the Beckman 
DU and the Bausch and Lomb Spectronic 20 spectrophotometers 
Smtable modifications in pioceduie perrmt the pei cent of HbOa to be 
deterrmned also m blood samples which may contam more than negligible 
amounts of carbonyl or methemoglobm 
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STUDIES ON THE ENZYME ENOLASE* 

I EQUILIBRIUM STUDIES 

By FINN WOLDt and CLINTON E BALLOU 

{From the Department of Biochemistry, University of California, 

Berkeley, California) 

(Received for publication, December 17, 1956) 

Enolase catalyzes the interconversion of D-glycenc acid 2-phosphate 
and enolpyruvic acid phosphate,* and, as a participant of Embden-Meyer- 
hof glycolysis and fermentation, is widely distributed in hving cells The 
enzyme was first purified by Warburg and Christian (1), who demonstrated 
its metal activation and made the imtial studies of the kinetics and the 
thermodjmaimcs of the enolase reaction More recently, Malmstrom 
(2-6) has extended that work, with special emphasis on the effect of the 
activating metals Previous studies on enolase have employed synthetic 
DL-glyceric acid 2-phosphate as the substrate, and the interpretation of 
results has been comphcated by this fact A recent uneqmvocal s 3 mthesis 
leading to pure D-GA2P (7) makes available both substrates of enolase as 
the pure natural isomers 

The enolase system is particularly useful for the study of the mechanism 
of metal activation The equihbrium is near enough to 1 so that both the 
forward and the reverse reaction can be studied, the enzyme is activated 
by at least seven different metals, and the interconversion of the substiates 
may be followed spectrophotometrically 

This paper describes in detail the factors affecting the ultraviolet absoip- 
tion charactenstics of enolpyruvic acid phosphate so that the assay method 
can be made more precise The binding constants for complexes between 
the substrates and several metal ions were deterimned, and the apparent 
equilibnum constants at different metal and hydrogen ion concentrations 
were related to the metal binding and the pK values of the lonizable groups 
in the substrates 

* This work was supported by grants from Eh Lilly and Company and the Cancer 
Research Funds of the University of California The experimental data in this 
paper are taken from the thesis submitted by Finn Wold to the Graduate Division 
of the University of California in September, 1956, in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy in Biochemistry 

t Du Pont Postgraduate Fellow in Biochemistry, 1955-56 

* The following abbreviations are used GA2P, gljmeric acid 2-phosphate, GASP, 
glyceric acid 3-phosphate, PAP, enolpyruvic acid phosphate, TPAI, tetra-n-propjl- 
ammonium iodide 
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EXPERIMENTAL 

Materials — The tnsodium salt of D-GA2P was synthesized by the method 
of Ballou and Fischer (7), and PAP was prepared accordmg to the procedure 
of Baer and Fischer (8) The lesulting water-insoluble and hght-sensitive 
silver barium salt was converted to the new, stable, water-soluble cyclo- 
hexylammomum salt, as descnbed below Enolase was prepared as the 
crystalhne mercury salt according to the method of Warburg and Christian 
(1), startmg with brewers’ yeast (generously supphed by the Goebel Brew- 
ing Company, Oakland, Cahforma) The activity of the puiified enzyme 
was comparable with the values m the hterature The dialyzed mercury- 
free solution was stored m small samples (0 05 to 0 1 ml ) at —4° When 
used, each sample was diluted with distilled water and the dilute solution 
was kept on ice dunng the experiment and stored m the refrigerator 
When treated m this way, the activity of the dilute samples remained 
undimimshed for several days 

All the other chenucals used were either commercial samples of highest 
punty or synthetic compounds, recrystalhzed before use 

Preparation of Cydoliexylammomum Enolpyruvic And Phosphate — 1 9 
gm of a twice crystallized sample of silver barium enolpyruvic acid phos- 
phate (8) m a 40 ml centrifuge tube were suspended m 15 ml of water, 
and 1 0 N hydrochloric acid (4 36 ml ), eqmvalent to the silver ion, was 
added The mixture was stirred for 5 mmutes, then the silver chlonde 
was centrifuged and the supernatant flmd decanted mto a clean 40 ml 
centrifuge tube The silver chlonde was washed with 5 ml of water, and 
this water was combmed with the decanted solution. The banum ions in 
the solution were then precipitated by the addition of equivalent 1 0 n 
sulfunc acid (8 75 ml ) and the mixture was agam centrifuged The 
supernatant flmd was filtered, if necessary, by suction through a What- 
man No 50 paper to remove floating particles of banum sulfate, the fil- 
trate then was brought to pH 8 with cyclohexylamme This solution was 
concentrated to dryness in vacuo at a bath temperature of 40°, giving a 
white crystalhne residue The crude cyclohexylammomum salt was re- 
dissolved m 15 ml of warm water (60°), and the solution was diluted with 
acetone to turbidity After 3 hours at 5°, more acetone was added to 
complete crystalhzation, and the mixture was left overnight at 5° The 
crystalhne product was collected on a Buchner funnel and washed with 
acetone The crystals were dned in an, and then m a vacuum desiccator 
over phosphorus pentoxide for 1 day The yield was 1 35 gm The 
mother hquor was concentrated to dryness and the residue w^as redissolved 
m 5 ml of warm water and diluted with acetone After 20 hours at 5 , 
a second crop of 0 5 gm was obtamed The total yield was 1 85 gm 
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(91 per cent) A sample, reciystallized and dried as above, slowly de- 
composed between 155-180° 


C21H44O6PNJ (465) Calculated N 9 01, P 6 65 
Pound “ 9 24, “ 6 48 

The biological purity of this compound has been tested by measuring 
the oxidation of reduced diphosphopyndme nucleotide m the presence of 
adenosme diphosphate, pyruvic phosphokmase, and lactic dehydiogenase 
1 mole of the enolpyruvic acid phosphate resulted m the oxidation of 0 97 
mole of reduced nucleotide Theiefoie, it is felt that the silver barium 
salt (Baer proceduie) and the cyclohexylammomum salt are of equal 
purity, and that the ultiaviolet absorption charactenstics recorded m this 
paper (Table III, and Figs 1, 2, and 3) more nearly approximate those for 
the pure compound than the values recoided previously (1) The cyclo- 
hexylanune salt is pieferied because of its solubihty and stability and may 
be used as such m most enzymatic studies, although removal of the amine 
can be easily accomphshed by treatment with the appropriate ion exchange 
resin 

Apparatus and Methods — The pH of all solutions was determined with a 
Beckman pH meter or a Leeds and Northrup pH indicator, both with the 
usual calomel and glass electrodes 

The titration experiments were carried out with the automatic recording 
apparatus of Neilands and Cannon (9) The gas phase was N 2 and the 
temperature 25° The compounds to be titrated were converted mto the 
free acids by treatment with Dowex 50 (H+) and titrated at a concentra- 
tion of 1 jumole per ml m a solution containmg tetra-n-propylammomum 
iodide to give constant lomc stiength, and with 0 5 n tetra-n-propylammo- 
mum hydroxide as the base The pKa' values were read directly from the 
titration curves The use of the tetraalkylammomum salt and base has 
been recommended by Smith and Alberty (10) for the determination of 
bmdmg constants from titiation data They showed that the alkah 
metals will bind phosphate esters to a considerable extent and thus comph- 
cate the study of the bmdmg of other metals, whereas the larger tetra- 
alkylammonium 10 ns do not form complexes sigmficantly with the esters 

The binding constants were estimated according to the method of Smith 
and Alberty (10, 11), who showed that at constant lomc strength the shift 
m the apparent dissociation constant of an acid, caused by the addition of 
metal, is related to the metal concentiation and the binding constant for 
the acid-metal complex m the following waj’’ 

pKa' (no metal) - pKa' (metal) = log (1 d- -D [M]) 


( 1 ) 
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where D designates the binding constant or stability constant {D = [Ail]/- 
[A][M]), [A] the acid concentration, and [M] the metal concentration 
The determinations of the apparent equihbnum constant were based 
on the ultraviolet absorption of PAP (1) Most of the eqmhbrmm deter- 
minations were performed starting with PAP The optical density at 
start and at equilibrium was determined with a Beckman DTJ spectropho- 
tometer, and the apparent eqmhbrium constant was obtained directly 
from these values after proper correction for the absorption of the enzyme 

Table I 

Apparent Dissociation Constanta of GA2P and PAP Determined at Two 

Tome Strengths 

The data are not corrected for the water blank 



Ionic strength 0 1 

Ionic strength 0 4 

GA2P 

pKj' 

3 55 

3 6 

1 

pK/ 

7 0 

7 1 

PAP 

pK/ 

3 4 

3 5 


pKa' 

6 35 

6 4 


and buffer When the equilibrium was approached from GA2P, the ex- 
tinction coefficient for PAP for each set of conditions was determined 

EESULTS AND DISCUSSION 

Titration of GA2P and PAP — The apparent dissociation constants of 
GA2P and PAP at ionic strength 0 1 and 0 4 are shown in Table I Since 
the method is not reliable below pH 2, the dissociation of the primary phos- 
phate group IS not included The free acids were titrated in 5 ml aliquots 
of a 1 mM solution, in a medium contaimng tetra-n-propylammonium 
iodide to constant ionic strength The binding constants were determined 
by substituting metal for TPAI to give the same ionic strength, and then 
dete'rmimng the s hif t in the pK«' values caused by the addition of the metal 
The binding constants deterimned from this shift m pKa' according to 
Equation 1 are given in Table II Equation 1 is denved on the assump- 
tion that only the totally lomzed species of the substrates bind metals 
This assumption seems valid in the present case, since the addition of 
metals caused no significant change in the second dissociation of the sub- 
strates The binding constants did not vary sigmficantly over the ionic 
strength range from 0 1 to 0 4 The data in Table II show that the assump- 
tion made in the past, namely that the metal binding to the two substrates 
is of equal magnitude (4), is incorrect 







F WOLD AND C E BALLOU 


305 


Ultraviolet Absorption of Analytically Pure PAP — The results from our 
initial measurements of the extmction coefficient of PAP are compared 
With those of Warburg and Christian in Table III The more detailed 
study of the effect of pH and magnesium ion concentration on the extinc- 
tion coefficient is summaiized m Figs 1 to 3 
In Fig 1 IS given the variation of the extinction coefficient in the physio- 


Table II 

Binding Constants for Complexes of GA2P and PAP with Several Metals 
Determined from titration data according to Equation 1 



Doaip'O per mole) 

r’PAp'CIiters per mole) 

Potassium 

15 

12 

Magnesium 

280 

180 

Manganese 

1225 

560 

Zinc 

2500 

920 

Cadnuum 

2500 

920 

Cobalt 

920 

350 

Nickel 

760 

220 


Table III 

Extinction Coefficients (E X Liters per Mole per Cm ) of Enolpyruvic Acid Phos- 
phate in 0 06 M Phosphate Buffer 


Wave length, mii 

Present investigation 

From Warburg and Christian (1) 

pH 6 

pH 7 

pH 8 

pH 6 4 

pH 7 4 

pH 8 1 

220 

3 43 

3 74 





230 

2 18 

2 91 



3 0 


240 

0 94 

1 44 

1 54 

1 41 

1 73 

1 80 

250 

0 24 

0 33 

0 36 


0 43 


260 

0 06 

0 06 

0 06 


0 10 



logical pH range corresponding to the change from PAPH^" to PAP®“ 
Clearly, the extinction coefficient of the protonated form is less than that 
of the totally lomzed form, and, at any pH at which both species are pres- 
ent, the observed extinction coefficient is determmed by 

_ El -f- ([m/Ka')E2 , . 

Eob«rved J ^ [H+l/Ec' 

wheie El and E 2 are the extinction coefficients of PAP^~ and PAPH-~, re- 
spectively, and Ka' = [PAP^“][H+]/[PAPH=“] 
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A value of 1520 v^as estimated for Ei from Fig 1, as jE/obsetved at a high 
pH, and E 2 = 675 was calculated from Equation 2, the expemnental 
data obtamed in imidazole buffer and the titration data m Table I being 
used The theoretical curve calculated from Equation 2 coiresponds 
well with the expeiimental pomts for Eohserved m imidazole (Fig 1) This 
buffer has the advantage that no metals are intioduced, and the shght 
difference m the data for the two buffers (Fig 1) is probably due to the 
presence of potassium in the phosphate buffer Potassium shifts the 



pH 

Fig 1 The efifect of pH on the molar extinction coefficient at 240 m/x (F"4o) of 
PAP in 0 05 M imidazole buffer (O) andinO 05 m phosphatebuffer (•) The theoreti- 
cal curve (solid line) was calculated from Equation 2, the value pKs' (PAP) = 6 35 
from Table I being used 

pEIa of PAP and also decreases the extmction coefficient of PAP^", as do 
magnesium and other metals as well (Fig 2) The vanations of ^observed 
with pH in a solution contaimng constant concentrations of potassium 
and magnesium 10 ns were determined, and the data obtained for the effect 
of pH on the kinetics and the equihbnum of the enolase reaction could be 
corrected for the extmction coefficient vanation under the same conditions 
Such a standard curve for the conditions for optimal enolase activity is 
shown in Fig 3 

Eguthbnum of Enolase Reaction— In their ongmal work on the isola- 
tion of enolase, Warburg and Christian (1) showed that magnesium, 
manganese, and zinc activate enolase, and more recently (4) iron has been 
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added to this hst Other metals such as berylhum, calcium, strontium, 
cadmium, cobalt, and mckel have been reported to be inactive (4) and 



Fig 2 The effect of magnesium and potassium on the molar extinction coefficient 
at 240 m^x (£ 2 x 0 ) of PAP in 0 05 M imidazole buffer at pH 8 35 



pH 

Fig 3 A correction curve for the effect of pH on the molar extinction coefficient 
at 240 m/i (^ 240 ) of PAP in the standard assay medium 0 008 11 MgSOi, 0 4 11 KCl, 
and 0 05 m irmdazole buffer 

also inhibitory when added to the activated enolase S 3 '^stem (4, 12, 13) 
As has already been pointed out (4), a metal with less activating effect 
than magnesium will act as an inhibitor when added to the magnesium- 
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activated system The reports m the hterature of metals being inhib- 
itory to the magnesium-activated enolase reaction should, therefoie, not 
be interpreted to mean that these metals cannot activate the enzyme m 
the absence of magnesium 

In this work a total of 6 divalent metal ions was found to activate 
enolase, namely magnesium, manganese, zinc, cadmium, cobalt, and 
mckel Iron was not tested The reaction rate m the presence of cobalt 
and mckel was very low compared to that in the presence of the other 
metals, but was stiU significantly higher than the rate in the absence of 
metals The relative activation strength of the different metals is discussed 
in Paper II (14) of this series 

The effects of pH and metal ions on the eqmhbnum of biochemical re- 
actions have been discussed by several workers (15-19) If a reaction 
between two acids, AH and BH, is affected by the hydrogen ion concentra- 
tion or the metal ion concentiation, the over-all apparent eqmhbnum con- 
stant IS expressed by 

^ _[m total _ [B-] + [BHl -f IBM] , . 

apparent 


Here the different concentrations can be expressed m terms of the respec- 
tive lomzation constants (Ka) and binding constants (Z)') 


[AB] = 


[B+U-] 

KaA' 


[5H1 


mm 

Kas' 


[AM] = DAM][A-] [BM] = Db'[M][B-] 

and substituting these values in Equation 3, one obtains 

_ mi ^ 1 + IB+W^b' + Db[M] 

^apparent X ^ [H+l/iToA' + D/iM] 


The quantity [B~]/[A~] is a constant and represents the pH- and metal- 
independent equilibnum constant K^q, and Equation 3 can thus be wntten 


.^apparent — Kei 


1 + [B+]/KaB' -f Db'[M] 
1 + lB+]/KaA' + Da'[M] 


(4) 


If more than one metal is involved, the more general form of Equation 4 
can be used 

1 -f myKoB' + Dm'lMi] -b DAM^] + — + DenW (5) 

Kapparent “ ^ [B+]/KaA’ + DaAMi] -f + DAn'^n] 
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wheie Di, D 2 , and 2)„ are the binding constants for the complexes of the 
substiates A and B Avith the metals ilfi, 11^2, and 
It was found early in this work that the apparent eqmhbnum constant 
for the enolase reaction, expressed as /^apparent = [PAP]/[GA2P], waned 
mth both the metal concentration and pH These variations are shown m 
Figs 4 to 6 In order to obtain the metal- and pH-independent eqmhbnum 
constant, the experimental values for /^apparent, and the ionization and 



Fig 4 The variation of the apparent equilibrium constant for the enolase reac 
tion with pH in a medium contaimng 0 008 M MgSO^, 0 4 m KCl, and 0 05 m imidazole 
buffer The theoretical curve (O) was calculated from Equation 5 with the fol- 
lowing data from Tables I and II pKj' (GA2P) =7 1, pKs' (PAP) =6 4, Z)k' 
(GA2P) = 15, jDk' (PAP) = 12, BmA (GA2P) = 280, Dm/ (PAP) = 180, and led to 
the value 6 3 for the pH- and metal-independent equilibrium constant, Aeq 

binding constants fi om Tables I and II, w^ere substituted into the proper 
form of Equation 5 In this way Keq was found to be 6 3 
The solid and broken hues in Figs 4 to 6 represent the theoretical curves 
calculated from Equation 5, by use of the value 6 3 for K^q and the data 
in Tables I and II for the pKo' values and the binding constants They 
coincide quite well with the experimental points All the calculations 
weie based on an uncertainty of 0 05 in the determination of the pIC.'' 
values Bock and Alberty (16) have showm the effect of a variation of this 
magnitude on the calculated equilibrium constants, and it is obvious that 
the method is sensitive to titration errors It is felt, hov ever, that Equa- 
tion 5 adequate^ describes the enolase equihbnum 
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Fig 5 The vanation of the apparent eqmlibnum constant for the enolase reac 
tion -mth pH at two magnesium concentrations (• , 0 001 m MgSOi, 0, 0 01 m MgSO^) 
in 0 05 M inoidazole buffer The corresponding theoretical curves were calculated 
from Equation 5 using the following data from Tables I and II pKa' (GA2P) =70, 
pK,' (PAP) = 6 35, Du/ (GA2P) = 280, Du/ (PAP) = 180, and led to the value 6 1 
for iTeq No attempt was made to correct for the change in lomc strength 



Fig 6 The vanation of the apparent equilibrium constant for the enolase reac- 
tion with pH at three manganese concentrations (#, 0 001 M MnSO<, O, 0 002 M 
MnSOi, © , 0 005 m MnSO<) in 0 05 m imidazole buffer The corresponding theoreti- 
cal curves were calculated from Equation 5 using the same pK' values as in Fig 
and the binding constants Du/ (GA2P) = 1225 and Du/ (PAP) = 560 from Table H, 
and led to the value 6 3 for Keq No attempt was made to correct for the change in 
ionic strength 
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The equilibrium constants for the enolase reaction reported m the 
literature vary between 1 4 and 3 9 (1, 20-23), but aie all apparent con- 
stants, dependent on metal concentration and pH The higher value for 
the metal- and pH-mdependent equihbrium constant determined in this 
work IS, therefore, not in conflict with the older data 
The graphical picture, obtained for different concentrations of magnesium 
and manganese (Figs 5 and 6), was also obtained for zinc, cadmium, co- 
balt, and mckel, and is also the same as Tievelj'^an et al (17) found for 
phosphorylase It is interestmg to note that for each metal there is a pH at 
which the apparent eqmhbrium constant is independent of the metal con- 
centration Utter and Workman (12) showed that the over-all equilibrium 
between GA3P and PAP, involving both glyceric acid phosphate mutase 
and enolase, is independent of the metal concentration If their study were 
conducted at, or close to, the pH of the isosbestic point, this could account 

Table IV 

Effect of Tem'perature on Apparent Equilibrium Constant 
for Enolase Reaction 

Deternuned in 0 05 m imidazole buffer containing 0 4 m potassium chloride and 
0 008 M magnesium sulfate at pH 7 5 



•^apparent 

AH, calories per mole 

288 0 

3 54 

3320 

299 5 

4 55 

3700 

307 5 

5 28 



for their observation Another possibihty is that the metal binding to 
GA3P and PAP is equal, which m itself has interesting thermodynamic 
imphcations 

With the new eqmhbnum constant, Keq. = 6 3, AF 298 for the enolase 
reaction was found to be —1090 calone per mole, and from the thermal 
data in Table PV the average value of 3500 calories per mole was obtained 
for AH 298 It should be noted that the latter value is not independent of 
the metal concentration and pH 


SUMMARY 

The preparation of the cyclohexylammomum salt of enolpjTuvic acid 
phosphate has been described, and some of its properties as a substrate for 
enolase have been discussed 

From the study of the eqmhbnum of the enolase reaction it has been 
shown that both metal 10 ns and h 3 ’-drogen 10 ns are mvolved in the over-aU 
stoichiometry of the mterconversion of n-glycenc acid 2-phosphate and 
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enolpyruvic acid phosphate A mathematical expression for the theoretical 
variations of the apparent eqmhbrmm constant with pH and metal con- 
centration has been denved, and from the deteimination of the pIC,,' 
values and the metal-binding constants of the substrates, the pH- and 
metal-independent eqmhbrium constant has been evaluated and found to 
be 6 3 

A total of 6 divalent metal ions, magnesium, manganese, zinc, cadmium, 
cobalt, and nickel, was found to activate enolase, and the effect of all of 
these metals on the eqmhbrium of the enolase reaction has been detei mined 
The new value of the eqmhbrium constant and studies of the effect of 
temperature on the eqmhbrium have yielded the following thermodynamic 
constants AF 298 = — 1090 calorie per mole and AH 298 = 3500 calories per 
mole 
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The philosophy behind much of the recent research in enzymology is 
that the activity of enzymes can be related to specific groups m the enzyme 
polypeptide chain, and the concept of the “active site” of an enzyme may 
soon become a reality Kinetic studies of enzymes such as fumarase 
(1-3), acetylchohnesterase (4-6), arginase (7), alcohol dehydrogenase (8), 
and others have led to formulations of specific reaction mechanisms and 
of models of the active sites Prehnunary studies of enolase (9, 10) mdi- 
cated that this enzyme is smtable for similar research The enzyme has 
been crystalhzed (11), both the substrates are available as pure, stable, 
water-soluble salts (9, 10), and the equihbrium of the reaction makes pos- 
sible mvestigation of both the forward and the reverse reaction Malm- 
strom (12-16) has studied the effects of various metals in activating enolase 
and has arrived at certain conclusions as to the active site and the mecha- 
nism of the dehydrating action of the enzyme 
In the present paper, the results of some further kinetic studies of the 
enolase reaction will be discussed in relation to a possible model of the 
enzyme and its mechanism of action The nature of the substrate inhibi- 
tion first descnbed by Malmstrom (12) is clarified (14) The substrate 
specificity IS outhned from a study of several substrate analogues, and some 
information concermng the nature of the ionizing groups in the active site 
of the enzyme has been obtained from the pH activation curves and group- 
specific reagents 


EXPERIMENTAL 

Materials and Methods — The matenals and the general methods were 
discussed in Paper I of this series (10) The enzyme activity was deter- 
nnned by the method of Warburg and Chnstian (11), based on the ultra- 

* This work was supported by grants from Eli Lilly and Company and the Cancer 
Research Funds of the University of California The experimental data in this 
paper are taken from the thesis submitted bj"^ Finn Wold to the Graduate Division 
of the University of California in September, 1956, in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy in Biochemistry 
t Du Pont Postgraduate Fellow in Biochemistry, 1955-56 
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Violet absorption of enolpyruvic acid phosphate^ (10) The measurements 
weie made at 240 mfi by use of a Beckman DUR spectrophotometer con- 
nected to a Brown recording potentiometer (strip chart) through a specially 
constructed amplifier, allowmg either 0 to 100 per cent or 90 to 100 per cent 
transnussion to be recorded on full scale width (17) In this work, the 
most sensitive scale (90 to 100 per cent transmission or 0 0458 to 0 optical 
density imit) was used In all experiments the velocity of only the first 
5 or 10 per cent of the reaction was recorded This allowed the detenmna- 
tion of the mitral velocities in terms of optical density change per umt of 
time directly from the slope of the tracings 

The experimental procedure for the rate measurements was to prepare 
3 ml samples of the desired reaction mixture m the cuvette and set the 
instrument to zero A small volume (0 02 to 0 05 ml ) of enzyme was 
then added from a small Teflon cup, which was also used simultaneously to 
mix the contents of the cuvette The chart motor was started at the 
moment the enzyme was mtroduced, and the spectrophotometer was 
turned on as soon as the enzyme addition was completed In this way a 
time mterval of only 5 to 7 seconds elapsed between the addition of the 
enzyme and the start of the recording 

The kmetic measurements were earned out m mndazole buffer This 
buffer has several advantages over those previously used In addition to 
its favorable pK (6 8), its smtabihty is based on the facts that no metal is 
introduced with the buffer and that the buffer itself is relatively inert in the 
enzymatic reaction As showm below, phosphate inhibits the enolase reac- 
tion, and the rates obtamed m the presence of mudazole are much higher 
than those m the presence of phosphate, tris(hydroxymethyl)ammomethane, 
or bicarbonate (18) 

The kmetic constants were estimated from Lmeweaver-Burk and Dixon 
plots (19, 20), either directly from the plots or according to the method of 
the least squares 

Due to the optimal rates of the reaction, the foUowmg medium was 
chosen as a basis for the vanations studied m this work 0 05 m imidazole 
buffer, 0 008 m magnesium sulfate, 0 4m potassium chloride, and approxi- 
mately 10“^ M substrate 


BESULTS AND DISCUSSION 

Enzyme Specificity and Effect of Substrate and Substrate Analogues Of 
all the compounds tested m this w'ork^ (Table I), only GA2P and PAP were 

1 The following abbreviations and symbols are used GA2P, glyceric acid 2-phos 
phate, GASP, glyceric acid 3-phosphate, PAP, enolpyruvic acid phosphate, «, ^ 

state reaction velocity, V, maximal imtial velocity, K„ hlichaehs constant, and i, 
inhibition constant 

^ Prepared in this laboratory by procedures to be published elsewhere 
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found to be substrates for enolase The synthetic analogue of GA2P, 
D-er?/i/iro-2,3-dihydroxybutync acid 2-phosphate, gave no evidence of 
dehydration, no increase in ultraviolet absorption, after prolonged 
incubation with the enzyme Enolase thus appears to be specific for its 


Table I 

Compounds Tested Inhibitors for Enolase Forward 
Reaction under Standard Conditions at pH 7 8 


Compound 

InliibitiOD 

1 

A, (mole per liter) 

D-Lactic acid 

1 

None i 


D-Glyceraldehyde 3-phosphate 

ft ' 


Dihydroxyacetone phosphate 

(t 

1 


/3-GlyceroI phosphate 

(t 


/S-Hydro\ypropiomc acid phosphate 

Competitive 

4 5 X lO--* 

n-Lactic acid phosphate 

it 

3 5 X 10-> 

n-Glyceric acid 3-phosphate 

it 

4 5 X 10-< 

D-eryiliro-2,3-Dihydroxybutyricacid2-phosphate 

tt 

6 0 X 10-< 

D-erpthro-2, 3-Dihydroxybutync acid 3-phosphate 

it 

3 3 X 10-5 

Inorgamc phosphate 

N on-competitive 

6 4 X 10-5 



Fig 1 The effect of substrate concentration on the rate of the enolase reaction 
The system consisted of 0 008 M MgS 04 and 0 05 M imidazole buffer at pH 7 0 T N = 
turnover number 


natural substrates A more defimte conclusion awaits s 3 mthesis of n- 
i/ireo-2 , 3-dihydroxybutyric acid 2-phosphate, which may be acted upon 
by the enzyme (see the formulas below) 

The effect of the substrate concentration on the rate of the enolase reac- 
tion is shown m Fig 1, and the inhibition at lugh substrate concentration is 
apparent The substrate inhibition was first reported by hlalmstrom 
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Violet absorption of enolpyruvic acid phosphate^ (10) The measurements 
were made at 240 m/i by use of a Beckman DUR spectrophotometer con- 
nected to a Brown recording potentiometer (step chart) through a specially 
constructed amphfier, allowmg either 0 to 100 per cent or 90 to 100 per cent 
transmission to be recorded on full scale width (17) In this work, the 
most sensitive scale (90 to 100 per cent transrmssion or 0 0458 to 0 optical 
density umt) was used In aU experiments the velocity of only the first 
5 or 10 per cent of the reaction was recorded This allowed the determina- 
tion of the imtial velocities in terms of optical density change per unit of 
tune directly from the slope of the tracings 

The experimental procedure for the rate measurements was to prepare 
3 ml samples of the desired reaction mixture in the cuvette and set the 
instrument to zeio A small volume (0 02 to 0 05 ml ) of enzyme was 
then added from a small Teflon cup, which was also used simultaneously to 
mix the contents of the cuvette The chart motor was started at the 
moment the enzyme was mtioduced, and the spectrophotometer was 
turned on as soon as the enzyme addition was completed In this way a 
tune mterval of only 5 to 7 seconds elapsed between the addition of the 
enzyme and the start of the recording 

The kmetic measurements were earned out in imidazole buffer This 
buffer has several advantages over those previously used In addition to 
its favorable pK (6 8), its suitabihty is based on the facts that no metal is 
introduced with the buffer and that the buffer itself is relatively inert in the 
enzymatic reaction As shown below, phosphate inhibits the enolase reac- 
tion, and the lates obtamed m the presence of umdazole are much higher 

than those m the presence of phosphate, tris (hydroxymethyl) ammomethane, 

or bicarbonate (18) 

The kinetic constants were estimated from Lineweaver-Burk and Dixon 
plots (19, 20) , either directly from the plots or according to the method of 
the least squares 

Due to the optimal rates of the reaction, the following medium was 
chosen as a basis for the variations studied in this work 0 05 M imidazole 
buffer, 0 008 m magnesium sulfate, 0 4m potassium chlonde, and approxi- 
mately 10“^ M substrate 


RESULTS AND DISCUSSION 

Enzyme Specijicity and Effect of Substrate and Substrate Analogues Of 
all the compounds tested m this work^ (Table I), only GA2P and PAP were 

* The following abbreviations and symbols are used GA2P, glyceric acid 2 phos 
phate, GASP, glj’-ceric acid 3-phosphate, PAP, enolpyruvic acid phosphate, v, 
state reaction velocity, V, maximal imtial velocity, K„ Michaelis constant, an <> 
inhibition constant 

2 Prepared in this laboratory by procedures to be published elsewhere 
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found to be substrates for enolase The synthetic analogue of GA2P, 
D-er?/</iro-2,3-dihydroxybutyric acid 2-phosphate, gave no evidence of 
dehydration, le no increase in ultraviolet absorption, after prolonged 
incubation with the enzyme Enolase thus appears to be specific for its 


Table I 

Compounds Tested Inhibitors for Enolase Forward 
Reaction under Standard Conditions at pH 7 8 


Compound 

Inhibition 

Kx (mole per liter) 

n-Lactic acid 

None 


D-Glyceraldehyde 3-phosphate 

(C 


Dihydroxyacetone phosphate 

Ct 


jS-Glycerol phosphate 

ti 


|3-Hydroxypropiomc acid phosphate 

Competitive 

4 5 X 10-^ 

D-Lactic acid phosphate 

tf 

3 5 X 10-^ 

n-Glycenc acid 3-phosphate 

tt 

4 5 X 10-" 

D-er?/</iro-2,3-Dihydroxybutyric acid 2-phosphate 

(t 

6 0 X 10-< 

D-ery<Aro-2, 3-Dihydroxybutyric acid 3-phosphate 

tl 

3 3 X 10-5 

Inorgamc phosphate 

N on-competitive 

6 4 X 10-5 



Fiq 1 The effect of substrate concentration on the rate of the enolase reaction 
The system consisted of 0 008 m MgS 04 and 0 05 m imidazole buffer at pH 7 0 T N = 
turnover number 

natural substrates A more defimte conclusion awaits synthesis of h- 
f/ireo-2 , 3-dihydroxybutyric acid 2-phosphate, which may be acted upon 
by the enzjTOe (see the formulas below) 

The effect of the substrate concentration on the rate of the enolase reac- 
tion IS shown m Fig 1, and the inhibition at high substrate concentration is 
apparent The substrate inhibition was first reported by Malmstrom 
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(12), who, working with DL-GA2P, suggested that the inhibition was due 
to the unnatural l isomer Since the pure D-GA2P used in this work gave 
the same inhibition, this hypothesis is not tenable More recently Mahn- 
strom and Westlund (16) proposed that the inhibition is due to the binding, 
and thus the removal of the activating metal ion by the substrate The 
experimental evidence obtained m our work (Table II) is inconsistent with 
this hypothesis also If the substrate inhibition were due to removal 
of metal by substrate, the inhibition should occur at lower substrate con- 
centration when the metal concentration was lowered, which is clearly not 
the case When it was found that the totally ionized species GA2P^~ 
and PAP^“ appear to be the active substrates for enolase (see below), the 
possibility was consideied that other ionic species of the substrates {eg 
GA2PH^“ and PAPH^“) might combine with the enzyme and cause inhi- 


Table II 

Combined Effects of Substrate, Magnesium, and pH on Rate of Enolase Reaction in 

0 OB M Imidazole Buffer 


Concentration 
of Mg 

pH 

Rates (A optical density per mm ) at indicated substrate concentrations 

1 M 

2 U 

5 M 

10 M 

50 It 

icon* 

i£ 

0 008 

7 5 

m 

0 085 


0 082 




6 0 


0 053 


0 055 




7 1 

■■ 

0 057 

0 068 

0 068 


0 055 


7 1 

■ 

0 069 

0 069 

0 072 


0 057 


* Molar substrate concentrations X 10* 


bition The data in Table II also appear to exclude such a mechamsm, 
since the substrate concentration causing inhibition does not decrease with 
the pH The most probable explanation of the substrate inhibition is that 
the active substrate combines with a neighbonng site on the enzyme and 
thereby decreases the rate of breakdown of the active enzyme-substrate 
complex Alberty (21) has discussed such a mechamsm, which is consist- 
ent with the data on the substrate inhibition of fumarase (2), urease (22), 
and acetylchohnesterase (4) The general form of the substrate inhibition 
curve for enolase fits this mechamsm 
In an attempt to establish the chemical constitution reqmred for a com- 
pound to combine wnth the active site of enolase, several compounds were 
tested as inhibitors in the forward reaction The results (Table I) show 
that, of the organic phosphates tested, only those with both a carboxyl and 
a phosphate group caused mhibition The spatial separation of the 
carboxyl and the phosphate groups appears to have some mfluence on the 
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binding, lactic acid phosphate being slightly more strongly bound than 
both j8-hydioxypropionic acid phosphate and GASP The effect of re- 
placing a hydiogen of the natural substrate with a methyl group is shown 
by the higher value of for D-ery<fero-2,3-dihydroxybutyric acid 2 phos- 
phate The combined effect of replacing a hydrogen with a methyl group 
and separating the carboxyl from the phosphate group is illustrated by the 
fact that D-eri/i/iro-2 , 3-dihydroxyhutyric acid 3-phosphate is bound only 
one-tenth as strongly as is lactic acid phosphate 


COOH 

1 

CHj 

I 

CH2OPO3H2 

jS-Hydroxypropionic 
acid phosphate 

COOH 

I 

HCOPO3H2 

I 

HCOH 

CH, 

D-erythro-2,Z- 
Dihydroxybutync 
acid 2-phosphate 


COOH 

1 

HCOPO3H2 

1 

CH3 

D-Lactic acid 
phosphate 

COOH 

I 

HCOPO3H2 

I 

HOCH 

I 

CH, 

h-threo-2,Z- 
Dihydroxybutyric 
acid 2-phosphate 


COOH 

I 

HCOH 

I 

H2COPO3H2 

D-Glycenc acid 
3-phosphate 

COOH 

I 

HCOH 

I 

HCOPO3H2 

I 

CH, 

D-erythro-2, 3- 
Dihydroxybutync 
acid 3-phosphate 


Effect of pH — ^All of the reaction velocities, measured m terms of optical 
density change per umt of time, were corrected for the effect of pH and 
metals on the molar extmction coefficient of PAP (10), so that throughout 
this work change m optical density is eqmvalent to change m molar con- 
centration of GA2P or PAP 

The pH optimal curve for the forward reaction is given m Fig 2 In 
further studies of the pH effects, the variations m V and K, with pH were 
deterimned for both the forward and the reverse reaction The plot of 
V against pH is shown in Fig 3 Smce V (equal to A-3[-E]o) is independent 
of the substrate concentration, any change in V must signify a change m 
the enzyme-substrate complexes A comparison of the curves m Figs 2 
and 3 shows that the mcrease m the rate m the first part of the activity 
curve in Fig 2 is due to ionization of the substrate (F is independent of 
pH in Fig 3), and hence that the totally ionized species of GA2P and PAP 
are the true substrates for enolase On the other hand, the decrease m 
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both V and V in the last part of the pH curves is due to changes in the 
enzyme 

To test the reversibdity of the pH mactivation, the following experiment 
was conducted The pH of a standard reaction mixture of irmdazole, KCl, 



Fig 2 The effect of pH on the rate of the enolase reaction The system consisted 
of 0 008 M MgS 04 , 0 4m KCl, 0 05 m imidazole buffer, and 2 X 10~* M GA2P 



pH 


Fig 3 The effect of pH on the maximal imtial velocity for the forward (•) and 
the reverse (O) reaction The system consisted of 0 008 m MgS 04 , 0 4 m KCl, and 
0 05 M imidazole buffer The individual values of V were obtained from Lineweaver- 
Burk-Dixon plots The two curves were obtained from different experiments, and 
do not represent the true relative magnitude of V for the forward and the reverse 
reaction 

MgSOi, and GA2P was adjusted to pH 10, and the amotmt of acid lequired 
to bnng the pH of 3 ml aliquots of this reaction mixture to pH 8 was 
accurately detenmned In the controls, the acid was added before the 
enzyme and the rate was determined at pH 8 In the expenmental runs, 
the enzyme was added first and the rate at pH 10 was detenmned for a 
time mterval of about 2 mmutes The acid was then added, and the new 
rate for the same sample at pH 8 was obtained The results are given m 
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Table III They show that the inactivation up to pH 10 is reversible, and 
thus exclude irreversible denatuiation as a cause of the inactivation 

The possibihty that the inactivation is due to removal of magnesium as 
insoluble Mg(OH )2 can also be tested The solubility product of Mg(OH )2 
IS 1 2 X 10““ at 18° (23) For a 0 008 m solution of Mg++, the ion product 
will exceed the solubihty pioduct at pH values above 9 6, but below this 
pH no Mg(OH )2 will precipitate It has been suggested, however, that 
hydrated lomc species of an activating metal may combme with the enzyme 
and cause inhibition (24) 

Assuming that the pH inactivation is due to titration of an active group 
in the enzyme, one can estimate the pK' of this active group as the pH 
value at which V is one-half of its maximal value (correspondmg to the 
point where the active enzyme is reduced to one-half of its original concen- 


Table III 

Demonstration of Reversibility of pH Inactivation of Enolase 


Experiment No 

Rate (A optical density per mm ) 
at pH 10 

Rate (A optical density per mm ) 
at pH 8 

Control 


0 158 

1 

0 020 

0 154 

2 

0 021 

0 144 

3 

0 014 

0 130 


tration) In this way, the values 8 9 and 8 1 were obtamed foi the enzyme 
complexes of GA2P and PAP, respectively (Fig 3) 

The theoretical titration curves calculated from the pK' values above do 
not comcide exactly with the expenmental points in Fig 3 The total 
effect of pH on Y thus seems to be due to several factors such as titration 
of an active group in the enzyme-substrate complex and the inhibition 
caused by the combination of the enzyme with MgOH+ and Mg(OH )2 
In a further attempt to measure the dissociation constant for the active 
site m the enzyme, the negative logarithm of the Michaehs constant (pK.) 
was plotted against pH according to the method of Dixon (25) Fig 4 
gives the resultmg curves foi the forward and reverse reaction, showing 
breaks at pH 7 4 and 7 6, respectively If the average, 7 5, is taken to be 
the dissociation constant for a group in the active site of enolase, the values 
8 1 and 8 9 deterimned for the two enzyme-substrate complexes correspond 
to the expected acid-weakemng or base-strengthemng effect of the sub- 
strate amons m close proximity to the dissociating group This effect 
should be directly comparable to the basicity of the anion, and the differ- 
ence of units of pH 0 8 between the two pK' values in Fig 3 is in accord 
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With the difference in the titration values of the free substrates (pKs' 
(GA2P) = 71 and pKs' (PAP) =64 (10)) A similar effect of the sub- 
strates on the lomzation of fumarase has been reported (1) 

Effect of Group-Specific Protein Reagents — The most common groups 
in proteins that have a pK of 7 5 are a-ammo groups, mndazohum groups, 
and sulfhydryl groups (26, 27) In an attempt to distinguish between 
these three possible groups in the active site of enolase, certam reagents, 
the specificities of which have been fairly well estabhshed, were tested as 
inhibitors The enzyme was incubated with approximately equal con- 
centrations of the different inhibitors, and its activity was tested at a single 



pH 

Fig 4 The variation of the negative loganthm of the Michaelis constant for the 
forward (•) and the reverse (O) reaction The K, values were obtained from the 
same experiments and plots as the V values in Fig 3 

substrate concentration In order to avoid buffer mterference with the 
imidazole reagents, this experiment was run in phosphate buffer The 
results aie shown in Table IV and are as conclusive as these data can be in 
ehimnatmg sulfhydryl as part of the active site of enolase The prelum- 
nary nature of this experiment and the lack of definite knowledge of the 
specificity of the other inhibitors used (28-30) make it difficult to interpret 
the rest of the results in Table IV The fact that dusopropyl phosphoro- 
ffuondate and p-mtrobenzoyl chlonde inhibit enolase is in itself mterestmg, 
and a more careful and extensive study of the inhibition of enolase by 
different protem reagents is planned 

Studymg the effect of pH on the bmdmg of zinc to enolase, Mahnstrom 
(16) came to the conclusion that the metal is bound to a group with a pi 
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aiound 6 and suggested that this group may be imidazohum This is not 
in conflict with the data obtained here If the metal is bound to an imida- 
zohum gioup (pK' = 6), the ionization of this gioup would not be detecta- 
ble by kinetic studies conducted in the presence of optimal concentrations 
of metal The active site of enolase thus appears to contain one iimd- 
azohum group (pK' = 6) which is involved m the binding of the activating 
metal, and, in addition, another imidazohum group or an a-amino group 
(pK' 7 5) which IS involved in direct interaction with the substrates 


Table IV 


Effect of Group-Specific Reagents on Enolase Reaction 


Reagent 

specificity for 

Rate (A optical 
density per min ) 

SH 

NH» 

Imidazole 

None 




0 044 

lodoacetic acid 

+ 



0 044 

lodoacetamide 

+ 



0 044 

p-Chloromercunbenzoate 

+ 




Photoo-adation 

+ 


+ 


Diisopropyl phosphorofluondate* 

+ 


+ (?) 


p-Nitrobenzoyl chloride 



+ (?) 


Formaldehyde 

? 

+ 

? 



* Diisopropyl fluoropbosphate (DPP) 


Mec\anism of Metal Achvahm — The two simplest general mechanisms 
for metal activation are 


5 4- M 


Dsm 


SM 


and 


E + SM 




(a) 


EM -f S 


EMS 


1 P + EM 


(b) 
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The steady state treatment will yield the foUowmg rate laws 


1 + 


1 + Z./[S] + K./Dem[M][S] 

corresponding to mechamsms (a) and (6), lespectively These equations 
are derived from the assumption that the metal concentration is much 
higher than the concentration of both the substrate and the enzyme 

The only difference between Equations 1 and 2 is that one contains the 
bmding constant for the metal-substrate complex and the other that for 
the metal-enzyme complex In general, kinetic data cannot distmgmsh 
between these two mechanisms (2) 

Warburg and Christian (11) originally showed that the kmetics of the 
metal activation of enolase could be explained by mechanism (b) More 
recently, Malmstrom (12-16) has arrived at the same conclusion by elabo- 
rate studies of the activation kinetics and of the binding of the activating 
metal to the enzyme and to the substrates In view of the rather high 
concentrations of magnesium reqmred for the activation of enolase, how- 
ever, it appears that mechanisms (a) and (5) can be distinguished by the 
following, simple expenment If the variations in v with varying metal 
concentration are plotted accordmg to Lmeweaver-Burk-Dixon (l/v 
against 1/[M]), Equation 1 yields a straight hne with intercept on the 
1/[M] axis equal to 

l/[M] = Dsm (1 + ISl/K.) 

Similarly, Equation 2 gives a 1/[M] intercept of 

1/[M] = Deu (1 + [-S]/2i:.) 

If the substrate concentration is held constant and equal to K„ mecha- 
msms (a) and (6) in an experiment hke this will yield l/[M] intercepts 
equal to 2Dsv and 2Dem, respectively Regardless of the numenca 
values of the respective bmdmg constants, it is obvious that the forward 
and the reverse reaction for mechanism (a) wiU give intercepts diffenng by 
a factor correspondmg to the difference m the magnesium-bindmg con- 
stants of GA2P and PAP, which are 280 and 180, respectively (10), whereas 
the same plots for mechamsm (h) must give a common mtercept, since 
the binding of the metal to the enzyme according to mechanism (6) is c 
same for the forward and the reverse reaction This reasoning is base on 
the assumption that K, is constant over the range of metal concentra ions 
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used This assumption was tested for the forward reaction, and the re- 
sults are shown in Table V Since the metal range used in the experiments 
was from 1 X 10~^ m to 5 X 10~® m, the above assumption holds The 
intercepts for the forward and the reverse reaction are identical (Fig 5) 
This is fairly conclusive m ehimnating mechamsm (a), the combination of 
the metal with the substrate It does not mean that mechamsm (6), the 


Table V 

Vanahons of V and K.for Forward Reachon with Varying Magnesium Concentration 


Concentration of magnesium 

V (A optical density per mm ) 

Kt (moles per liter) 

8 X 10-‘ 

0 104 

1 09 X 10-< 

5 X 10-» 

0 174 

1 04 X 10-* 

2 X 10-» 

0 124 

1 20 X 10-< 



'/[Mg] 


Pig 5 Lineweaver-Burk-Dixon plot of \/v against l/[Mg] for the forward (•) 
and the reverse (O) reaction, in the absence of inhibitor (solid lines), and in the 
presence of 4 X 10~^ m MnS 04 (dotted lines) The system consisted of 0 05 m imida- 
zole buffer at pH 7 15, 0 4 m KCl, 1 X 10“‘ m GA2P for the forward reaction, and 
2 X 10~^ M PAP for the reverse reaction 

Simple combination of the metal with the enzj'^me, is correct, although the 
evidence presented here is as conclusive as that presented previousl}’’ for 
enolase (11-16) and for other enzymes as well (31-34) In addition, the 
*'non-competitive activation” of enolase by suboptimal metal concentra- 
tions (Table ■\0 favois the proposition that it is primarily the enzj^me that 
IS involved in the metal activation 

Metal Inlnhition—The mhibition by metal excess (Table Y) is pre- 
donunantl 3 ’’ non-competitive, mdicating an inactivation of the enz 3 Tne 
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rather than the formation of an inactive metal-substrate complex The 
mechanism may be similar to that proposed for the substrate inhibition, 
namely that at high metal concentrations a combination of a second metal 
ion with the enzyme results m inactivation Such a mechanism is in agree- 
ment with the one proposed by Malmstrom (13), and does also fit the pro- 
posed picture of the active site of enolase If there are two imidazole 
groups in the active site, one bmdmg the metal and the other interacting 
directly with the substrates, the metal inhibition could arise from a combi- 
nation of metal to both the imidazole groups 


Table VI 

Some Properties of Common Divalent Metals (23, 87) 


Metal 

Ionic radius 

Electronegativity* 

Enolase activity 

Be 

0 34 

1 5 

-t 

Mg 


1 2 

+ 

Ca 

1 06 

1 0 

— 

Mn 

0 62 

1 4 

+ 

Fe(II) 

0 S3 

1 65 

+ t 

Co 

0 82 

1 7 

+ 

Ni 

0 78 

1 7 

+ 

Cu(II) 

0 70 

2 0 

-t 

Zn 

0 83 

1 5 

+ 

Sr 

1 27 

1 0 

— 

Cd 

1 03 

1 5 

+ 

Ba 

1 43 

1 1 

- 

Hg(II) 

1 12 

1 9 

- 

Pb 

0 84 

1 6 

— 


* For definition of a unit, see Coryell (37) 
f From the data of Malmstrom (15) 


Malmstrom (15) tested some of the inactive divalent metals as inhibitors 
for the magnesium-activated enolase, and found them to be competitive 
inhibitors with respect to the activating metal To test the inhibitor)' 
effect of a metal, which can itself activate the enzyme, we have studied the 
effect of manganese on the magnesium-activated system Fig 5 shows the 
1/v against plots m the absence and m the presence of manganese, 

for the forward and reverse reaction, and the somewhat unexpected picture 
of an uncompetitive inhibition 

Comparative Effects of Activating Metals — Some of the properties of active 
and non-active divalent metals are compared m Table VI It is clear 
that no single parameter can explain the effectiveness of the metals activat- 
ing enolase 

Schubert (35) and Wilhams (36) have discussed the factors contnbuting 
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to the stabihty of complexes between metals and small organic molecules 
and polymeis Schubert has also pomted out that, regardless of the nature 
of the ligand or whethei the metal is attached to oxygen, nitrogen, or sulfur, 
some general oidei exists with respect to the relative stability of the com- 
plexes of a series of metals, listed according to decreasing complex stabihty, 
as m the following Senes A 

Pd > Cu > Hg > At > Pb > Co > Fe{II), Zn > ... 

Cd > Mn > Mg > Ca > Sr > Ba > Ra 



Fig 6 The relative effectiveness of some metals in activating enolase magnesium 
(•), manganese (A), zinc (A), and cadimum (O) The system consisted of 0 05 
M imidazole buffer at pH 7 2 and 5 X 10“* m GA2P in the absence of KCl (solid lines) 
and in the presence of 0 4 m KCl (dotted lines) The activity obtained with cobalt 
and mckel was too low to record on this graph pM = —log metal concentration 

Apparently the stabihty decreases with decreasing electronegativity (in- 
creasing basicity) of the metals, and it is interesting that the metals that 
activate enolase (itahcized in Senes A above) all fall togethei m the nud- 
dle of the series 

When the relative activation strength of the metals was tested in the 
enolase reaction (Fig 6), Senes B was obtained (Malmstrom’s data (15) 
were used to give Fe its appropriate place) 

Mg > Zn > Mn > Fe(II) > Cd > Co, Ni (B) 

With the data in Table VI, the relative activation strength in Senes B 
can be explained in terms of electronegativity of the metals if some allow - 




326 


ENZYME ENOLASE II 


ance is also made for solubility and lomc radius Thus Ca, Sr, and Ba all 
have an electronegativity close to that of Mg, but their lomc radu are larger 
On the other end of Senes A, Pb is found with both an lomc radius and 
an electronegativity favorable to activity Pb, however, forms insoluble 
complexes with both GA2P and PAP, and for that reason should appear 
to be inactive 

It IS interesting to note the effect of the potassium ion on the relative 
effectiveness of the various metals in Pig 6 The increase in the optimal 
metal concentration when potassium was added is m agreement with the 
expected decrease m the bmding of the divalent metals m the presence of 
potassium The total effect of potassium chloride is probably the sum of 
lomc strength effects and the specific effect on the bmdmg of the activat- 
ing metal ions, and elucidation wiU require further study 

A possible general mechanism for the enolase reaction is presented in the 
accompanying scheme 

GA2PH!^ 


^QA2p' 

; y 



£!(n+l)ilf E(’'*»MPAF 


In this scheme II"M represents the active metal enzyme with n negative 
charges Ke', J^egazp', Kbvav' are the dissociation constants^ for the 
lomzmg group m the active center of the free metal enzyme (pKa' = ^ 
m the metal enzyme-GA2P complex (pKo' = 89), and in the metal enzyme- 
PAP complex (pKo' = 81), respectively Aga 2 p' and Kfap' are e 
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dissociation constants for the substrates (pK^' values 7 1 and 6 4, respect- 
ivety), and Dem is the binding constant for the enzyme metal complex 
This mechamsm has not been iigorously tested, but is m accord with all 
the data piesented above 


SURIAtARY 

Enolase appears to be specific foi D-glycenc acid 2-phosphate (GA2P) 
and enolpyruvic acid phosphate (PAP), and the substrates must be in the 
totally ionized forms (GA2P^~ and PAP^~) for the reaction to take place 
The enz3me is inhibited by high concentrations of the substrate, and the 
inhibition is most probably due to the combination of a second substrate 
molecule to a neighboiing site on the enzyme 
A carboxyl gioup and a phosphate gioup are reqmred for the interaction 
with the active site of the enzyme, and certam geometncal reqmrements 
with respect to the size of the molecule and to the separation of the carboxyl 
group and the phosphate group must also be satisfied 
Certam divalent metal ions are required for the enolase reaction, and the 
function of the metal ions presumably is to combine with the enzyme and 
thereby form the active metal enzyme 
A certain predictabihty as to which metals activate enolase is obtamed 
from considerations of the electronegativities and the lomc radu of the 
metals and the solubihties of the different metal complexes 
The active site of enolase may contain an lomzable group, with a pK of 
about 7 5 The enzyme is reversibly inactivated when the group is ti- 
trated from its acidic to its basic form This group appears to be either 
an umdazole or an a-amino group 

A general mechanism for the enolase reaction has been proposed 
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PYRIMIDINE METABOLISM 

II ENZYMATIC PATHWAYS OF URACIL ANABOLISM* 
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School of Medicine, New Haven, Connecticut) 

(Received for publication, November 16, 1956) 

The abihty of tissues to incorporate uiacil, undine, and undine 5'-phos- 
phate^ into ribonucleic acid has been the subject of considerable investiga- 
tion (1-4) The work of Plentl and Schoenheimer (5) had indicated that 
when lats are fed N^®-uracil the label is not incorporated into the tissue 
RNA Similar results were obtained by Rutman, Cantarow, and Pasch- 
kis when uracil-2-C^^ was administered to rats (6) These authors also 
found that hepatomas induced by 2-acetylaimnofluorene in lats, in con- 
trast to normal liver, showed an extensive incoiporation of uiacil into 
RNA 

Expeiiments with C^^-labeled undine and UMP (7) have indicated that 
each of these is incorporated into the RNA of normal lat liver at a late 
which IS appreciably higher than that observed with uracil Therefore, 
it was possible that the limited incorpoiation of uracil into the RNA of 
normal rat hver could be a reflection of an inefficient conveision of the 
base to the corresponding nucleoside or nucleotide 

The present investigation shows that there occurs in the normal lat 
hver a nucleoside phosphorylase capable of converting uracil to undine 
m the presence of R-l-P, in addition, these studies demonstrate the exist- 
ence in rat hver of undine kinases which wull catalyze the phosphorylation 
of undine to UMP, UDP, and UTP No evidence foi the direct phospho- 
nbosylation of uracil in the piesence of PRPP has been found in rat liver, 
although the present investigation shows that this reaction will occur in 
sonic extracts of a uiacil-requiiing mutant of Lactobacillus bulgaricus 
Accordingly, it is suggested that the inability of normal lat hver to incor- 
porate uracil into RNA is not due to the absence of an anabolic pathway for 

* This investigation was supported in part by grants from the American Cancer 
Society and from the National Institutes of Health, Public Health Service 

* The abbreviations used are RNA, ribonucleic acid, UMP, undine 5'-phosphate, 
UDP, uridine 5'-diphosphate , UTP, undine 5'-triphosphate , ADP, adenosine 5'- 
diphosphate, ATP, adenosine 5'-triphosphate, ITP, inosine 5'-triphosphate, R-l-P, 
nbose 1-phosphate, R-5-P, nbose 5-phosphate, PRPP, nbose 5-phosphate-l-pyro- 
phosphate, Tris, tris(hydro\ymethyl)aminomethane, EDTA, eth 3 denediaminetetra- 
acetate, UDPG, undine diphosphate glucose, TCA, trichloroacetic acid 
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uracil, rather, it may be attnbutable, in part at least, to competition be- 
tween the anabohc and the catabohc pathway, as will be shorni m the 
discussion and in a subsequent paper of this senes - 

EXPERIMENTAL 

Materials and Methods — The preparation of the acetone powders of rat 
hver supernatant fraction used m these experiments has lieen descnbed 
( 8 ) The uracil-2-C^^ and uridine-2-C^'* were prepared fiom oiotic acid- 2 - 
Orotic acid-2-C^^ was converted to UMP-2-C^^ in the presence of 
PRPP and dialyzed crude bakers’ yeast extract (9) This preparation 
will convert part of the 'UMP-2-C*^ to undine and uracil- 2 -C^^, a circum- 
stance presumably attnbutable to the presence of phosphatases and nucleo- 
sidases The uracil-2-C^^, undine-2-C^^, and UMP-2-C^^ were separated 
by ion exchange chromatography ( 10 ) and further purified by paper chro- 
matography, with use of vanous solvent systems (11-13) 

The extent of the reaction in the presence of nucleoside phosphorylase 
was followed by two methods In one, the appearance or disappearance of 
nbose was measured m the supernatant solution obtamed after precipita- 
tion with TCA by using a modified orcinol test (14) , in the other, used with 
the more purified enzyme fractions, the increase in absorption at 285 
m^ coincident with the conversion of undine to uracil in 1 n NaOH solu- 
tion was measured (in the model DU Beckman spectrophotometer) The 
two methods showed good agreement 
The nucleotides formed durmg the phosphorylation of midine m the 
presence of the rat hver enzymes were determmed after the cooled incuba- 
tion mixture was deproteimzed with HCIO 4 and neutrahzed to pH 7 with 
KOH The supernatant fluid was then chromatographed according to the 
procedure of Hurlbert et al (10) The individual nucleotides were identi- 
fied by the coincidence of radioactivity with ultiaviolet absorption m the 
presence of known earner nucleotides, as well as by their rmgration on paper 
chromatograms in isobutync acid-ammoma (15) and isopropanol hydro- 
chlonc acid (12) as compared with reference standards The extent of 
phosphorylation was usually followed by expressmg radioactivity of the 
nucleotide forms as per cent of the total radioactivity recovered after incu- 
bation of uracil-2-C^^ or uridine-2-C^^ wnth the enz 3 me system m question 
In the experiments in which UMP was the only nucleotide formed or m 
which all the undine nucleotides weie determined collectively, the depro- 
teinized and neutrahzed supernatant flmd was added to a 2 to 3 cm column 
of Dowex 1 resin in the formate form Elution commenced with two 5^ 
portions of 0 2 N HCOOH, w^hich elutes both uracil and undine The 

2 Canellakis, E S , / Btol Chem , in press 
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column was further treated with two 5 ml portions of a mixture of 4 0 
N HCOOH and 10 m HCOONH 4, which elutes the uracil nucleotides 
Samples of the eluates were plated on stainless steel planchets (Tracerlab), 
were oven-dried for 10 to 16 hours, and were counted This method vola- 
tihzes the ammonium formate Control radioactive samples were sinularly 
treated to peimit evaluation of the self-absorption The accuracy of the 
method was estimated to be vuthin ±8 per cent 
The PRPP was synthesized by the method of Kornberg et al (16), who 
employed an isoelectric precipitate of pigeon hver enzyme After incuba- 
tion for 2 hours, the mixture was cooled to 3° and 500 mg of activated char- 
coal were thoroughly suspended with 100 ml of incubation mixture and 
centrifuged Of this supernatant flmd, 6 ml portions were added to 3 cm 
columns of activated charcoal and eluted with 5 ml of water The two 
fractions obtained in this way, the break-through and the watei eluate, con- 
tained, respectively, 75 and 25 per cent of the total PRPP, and 0 01 and 
0 1 per cent of the total material absorbing at 260 mu Subsequent re- 
elution under similar conditions yielded PRPP, which was free from ma- 
terial absorbing at 260 mu, it was assayed with the orotic acid phospho- 
nbosyl-pyrophosphorylase enzyme obtained after alcohol fractionation of 
brewers’ yeast (17) 


Results 

Uridine Phosphorylase — A partial punfication of the enzyme, which re- 
sulted in a 10-fold increase in its specific activity (Table I), was carried 
out, at 0-3°, as follows 1 gm of rat liver acetone powder was dissolved in 
10 ml of 0 05 M Tns buffer, pH 7 4, and dialyzed for 24 hours against two 
4 hter changes of this buffer Under the conditions of preparation of the 
acetone powder, very httle protein remamed undissolved, this was centn- 
fuged at 20,000 X g for 20 minutes To the supernatant fluid (Fraction I), 
sohd ammonium sulfate was added to 35 per cent saturation, a precipitate 
(Fraction II), obtained by centrifugation, contained about 75 per cent of 
the initial enzymatic activity, whereas the mother hquor (Fraction III) 
contained about 15 per cent of the imtial enzj’^matic activity Fraction II 
was dissolved m 10 ml of 0 05 m Tns buffer, pH 8 0, heated rapidly m a 65° 
water bath to 55° for 1 minute, and then quickly chilled and centrifuged 
To the resulting supernatant fluid (Fiaction IV) were added, per 5 0 ml , 
1 25 ml of 1 0 M acetate buffer, pH 5 4, and 250 mg of calcium phosphate, 
after thorough mixing and centrifuging, the pH was adjusted to 7 4 vuth 
10 m Tns buffer, pH 8 0 (Fraction V) The protein v as precipitated com- 
pletely by the addition of excess ammomum sulfate, dissolved in 0 05 m 
Tns buffer, pH 7 4, and dia^’-zed for 24 to 48 hours against three 4 hter 
changes of this buffer The enzjune was assaj^ed dunng the punfication 
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pioceduie by the orcinol test which measures the R-l-P formed dunng 
the phosphorolysis of undine 


Table I 


Fractionation of Undine Phosphorylase from Rat Liver Acetone Powders* 


Fraction No 

Total protein 
mg per sample! 

Total enzyme 
activity per 
samplet 

Per cent of initial 
enzyme activity 
recovered 

Specific activity§ 

Purification 

factor 

I 

20 

106 

100 

5 3 

1 

II 

6 4 

79 

74 5 

12 3 

2 3 

nil! 

96 

15 9 

15 

1 66 

0 3 

IV 

3 1 

' 79 

74 5 

25 5 

4 7 

V 

t 1 6 

1 

85 

1 

81 

53 0 

10 0 


* Incubation medium contained 12 3 /tmoles of undine, 300 /^moles of phosphate, 
pH 8, 200 /nmoles of Tris buffer, pH 8, and enzyme solution to a final volume of 3 7 ml 
The volume of enzyme solution used in each tube was proportional to the total volume 
of the corresponding fraction 

t Protein determined by the method of Warburg and Chnstian (25) based on the 
equation given by Kalckar (26) 

} Enzyme activity defined as the amount of ribose, in micrograms, formed in each 
sample during the first 5 minutes 

§ Ratio of total enzyme activity pei sample to total protein mg per sample 

li Mother liquor of Fraction II 



Fig 1 Phosphorolysis of undine by rat liver undine phosphorylase Incubation 
medium contained 12 3 /imoles of undine, 200 jumoles of Tns buffer (pH 8), 22 mg o 
protein (FractionI) O, no phosphate, X,0 016 m phosphate, • , 0 050 m phospha e 
Values on abscissa measured as per cent of total undine added 

Fig 1 shows that undine phosphorylase is inactive in the absence of 
phosphate and that its activity is dependent upon the concentration o 
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phosphate Of the end pioducts of the reaction, the uracil was identified 
bj'’ papei chromatography (11), whereas the K-l-P was isolated as the 
barium salt by a slight modification of the method of Fried km used for the 
isolation of deoxyiibose 1-phosphate (18) Analysis of this barium salt 
foi acid-labile phosphate and iibose showed a molai ratio of 1 00 1 06 
In the leaction, as would be expected, ai senate was able to replace phos- 
phate, while Mg++ was not lequired and EDTA did not inhibit Because 
of interfenng reactions, it has been difllcult to ascertain the equihbrium 
point of the reaction The requirement for R-l-P in the conversion of 
uracil to undine was demonstrated by the decrease in the intensity of the 
orcinol-reactive material when uracil was incubated m the presence of an 



Fig 2 Conversion of uracil and R-l-P to undine in the presence of rat liver un- 
dine phosphorylase Incubation medium contained 15 /imoles of R-l-P, 200 ;umoles 
of Tns buffer, pH 8, and 1 5 mg of protein (Fraction V) , final volume, 4 0 ml The 
reaction was followed by the disappearance of ribose color obtained with orcinol 
• , no uracil, X, 30 nmoles of uracil Values on abscissa measured as per cent of 
initial nbose present 


excess of R-l-P (Fig 2) This reaction did not occur uhen R-5-P or n- 
bose was substituted for R-l-P 

The formation of uridine-2-C^^ Avas demonstrated by paper chromatog- 
raphy when uracil-2-C^^ was incubated with R-l-P in this system Fur- 
ther eAudence for the requirement of R-l-P for the conA'^eision of uracil to 
undine will be given AA^hen the properties of the undine kinase are descnbed 
In Fig 3, the pH-activity curve for the phosphorotysis of undine is shoAra 
to have a rathei A\ade optimum m the region of pH 8 
Assay of the crude acetone powder extract (Fraction I) for a C 3 didine 
nucleosidase or a cytidine phosphorjdase shoAied these enzjTOes to be 
absent from this fraction, as assaj'^ed by the orcinol test 

Undine Kinase — To the dia^’^zed and centrifuged acetone poAider ex- 
tract, described as Fiaction I under “Undine phosphorjlase,” vas added 
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pyrophosphorylase, since we^ have observed a similar inhibition of the 
orotic acid pyrophosphorylase from yeast (9) In this lattei reaction, 
0 15 M phosphate or 0 15 m sulfate also inhibited by 80 per cent, while 0 15 
M chloride inhibited by 30 per cent 

DISCUSSION 

Previous investigations had shown that the soluble cytoplasnuc fraction 
of rat liver contains the enzymes involved in the catabohsm of uracil and 
of thymine (8) They had also mdicated the requirements of the system 
as well as the nature of the compounds formed dunng this degradation 
The present investigation indicates that the same soluble cytoplasmic 


Table III 


Phosphoribosylation of Uracil by Extracts of L bulgaricus OOIC in Presence of PRPF* 


Additions! 

Per cent conversion 
to UMPt 

Crude 

eitracts 

Fraction 

ated 

extracts 

Uracil-2-C» (0 05) + PEPP (0 05) 

48 

85 

Uracil-2-C»< (0 05) + E-5-P (0 20) + ATP (0 20) 

12 

2 

Uraoil-2-Ci< (0 05) + E-l-P (0 20) + ATP (0 20) 


0 

Undine-2-Ci< (0 05) + ATP (0 20) 


0 


* Incubation medium contained 100 ^imoles of Tris buffer, pH 8, 10 ^tmoles of Mg, 
3 2 mg of protein for the crude extracts, and 1 1 mg of protein for the fractionated 
extracts Final volume, 1 0 ml , incubation time, 20 minutes 

t The figures in parentheses define the micromoles of substrates added 
t Per cent conversion of the total recovered radioactivity to UMP 


fi action of lat liver contains the enzymes which participate mthe anabolism 
of uracil The existence of enzymatic pathways in the liver which can 
convert uracil to the nucleotide stage contrasts with the very limited ability 
of this organ to mcorpoiate uracil into RNA It is possible, of course, 
that the undine phosphorylase and the undine kinase under study normally 
have some other function, and that their action on uracil is incidental 
Another possibility, which is perhaps more likely, becomes apparent when 
the coexistence of the catabolic and anabohc pathways for some compound 
in the same cell fraction is taken into account This suggests a homeostatic 
mechanism ivhich regulates the amount of compound available for anabolic 
leactions Such anabolic reactions, depending on the demands of the 
organism, could lead either to the production of precursors for nucleic acid 
synthesis or to the formation of precursors for the synthesis of undine sugar 
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nucleotides, as foi instance UDPG Further evidence for the existence of 
such a homeostatic mechanism will be piesented in a subsequent publica- 
tion ^ The occuiience of undine phosphoiylase has been previously dem- 
onstiated m Escherichia coh (24) 

The demonstration of an enz 3 '^me in L bulgancus which will convert 
uracil to UMP m the presence of PE.PP laises the possibility that this 
pathway foi pyrimidine nucleotide anabolism may be found m other 
species The sensitivity of this reaction to phosphate, sulfate, and chloride 
ions m combination with a variety of cations appears to be a reflection of 
a sensitivity of this reaction to high salt concentration rather than any 
particular amon oi cation This reaction affoids a method foi the enzy- 
matic synthesis of UMP from uracil in good yields 

SUMMARY 

The soluble cytoplasmic fraction of lat hver has been demonstiated to 
contain undine phosphorylase, an enzyme which catalyzes the reversible 
reaction uracil -f iibose 1-phosphate = undine -f phosphate This 
enzyme has been purified 10-fold C 3 rtidme is inert in this system 
The same fraction of rat hver contains undine kinase, this enzyme, in 
the presence of adenosine triphosphate and Mg++, phosphorylates undine 
to form undine 5'-phosphate In addition, undine di- and triphosphates 
and an umdentified phosphorylated undine compound are formed 
The significance of these findings AVith reference to the verj'^ limited 
abihty of lat hvei to incorporate uracil into iibonucleic acid is discussed 
Some extracts of a uiacil-reqmnng strain of Lactobacillus bulgancus con- 
tain an enzyme which converts uracil to undine 5'-phosphate in the pres- 
ence of ribose 5-phosphate-l-pyrophosphate This reaction affords a 
convement method for the synthesis of radioactive undine 5'-phosphate 
from radioactive uracil 

The author wishes to thank Dr Arnold D Welch for his interest in this 
work and Miss Coryce Ozanne for her excellent assistance 
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It IS weU known that vaiious disulfides can be reduced in animal tissues 
Enzyme systems capable of reducmg oxidized glutathione (GSSG) have 
been veil characterized (1), but the detailed mechanism wheieby othei 
disulfides aie leduced lemams obscuie Recently Racker reported (2, 3) 
that homocystine was fairly rapidly reduced by a glutathione reductase 
system, provided small amounts of glutathione (GSH) were present The 
reduction was thought to be due to a hydrogen transfer from GSH to homo- 
cystine, and this reaction was claimed to be catalyzed by a specific enz 5 ane 
“glutathione-homocystine transhydrogenase” (3, 4) With crude hver 
preparations the i eduction of a wide variety of SS compounds was observed, 
but in these instances no evidence for the participation of glutathione re- 
ductase or glutathione was obtamed No i eduction of cystme could be 
demonstrated 

Recently it has been shown in this laboratory (5, 6) that the mteraction 
of a thiol (e g reduced glutathione) with disulfides (YSSY) proceeds ac- 
cordmg to the following reactions 

GS- -b YSSY ^ GSSY + YS" (1) 

GSSY -f GS- GSSG + YS" (2) 

Clearly, if in such a thiol-disulfide system the GS“ is continuously re- 
generated by the action of glutathione reductase, the net result vnll be that 
YSSY IS reduced Since we have found that GS- reacts rapidly with vari- 
ous disulfides at pH 7 4 and 37°, even at low concentrations of reactants, 
the possibihty was considered (7, 8) that the biological i eduction of disul- 
fides may be brought about by Reactions 1 and 2, coupled with the enzy- 
matic reduction of GSSG by glutathione reductase 

In the present report the role of glutathione m the mechamsm of disul- 
fide reduction has been reinvestigated It is demonstrated that N ,N^- 
diacetylcystanune ((AcRS) 2 ), cystamine (RSSR), A^A'■^-tetrameth 3 dc 3 'sta- 

* Supported by grants from The Norwegian Cancer Societj 

t Fellow of The Norwegian Cancer Societ 3 
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mine ((Me 2 RS) 2 ), A^,A^Hetraethylcystanime((Et 2 llS) 2 ), cystme (CSSC), 
and homocystme (HSSH) are i educed by a glutathione reductase prepara- 
tion from lat hver m the presence of small amounts of glutathione The 
data strongly support the mechanism proposed above, since m seveial mix- 
tures of GS“ vnth disulfides the observed mitial rate of disulfide reduction 
paialleled the eqmhbriimi concentration of GSSG The possibihty that 
mixed disulfides contammg glutathione (GSSY) could serve as substrates 
for glutathione reductase is excluded 


EXPERIMENTAL 


Materials — Oxidized and reduced glutathione, triphosphopyndme nu- 
cleotide (TPN), and glucose 6-phosphate (theBa salt) were purchased from 
the Nutritional Biochenucals Corporation The glucose 6-phosphate was 
converted to the potassium salt Tetramethylcystamme and tetraethyl- 
cystamme were kindly supplied by Deutsche Gold- und Silber-Scheidean- 
stalt, Vormals Roessler, Frankfort-on-the-Mam The L-cystme and dl- 
homocystme weie obtained fiom Hoffmann-La Roche, Inc Cysteamine, 
cystamme, and diacetylcystamme were synthesized according to procedures 
previously pubhshed (9, 6) 

Preparation of Rat Inver Enzymes — An enzyme extract contaimng glu- 
cose-6-phosphate dehydrogenase and glutathione reductase was prepared 
from rat hveis The hvers were squeezed through a tissue press, and the 
pulp thus obtained was homogemzed m 2 volumes of 0 1 m phosphate buffer 
at pH 7 6 The homogenate ivas centrifuged at 100,000 X g for 60 min- 
utes To the particle-free supernatant flmd 2 volumes of saturated am- 
momum sulfate were added The protein was reprecipitated with ammo- 
mum sulfate, dissolved m phosphate buffer, and dialyzed agamst distilled 
water for 4 hours 2 volumes of ice-cold acetone were added, and the 
precipitate was washed four times with acetone and subsequently lyophil- 
ized The pow’^der thus obtamed could be stored m the cold for at least 


2 months without loss of enzymatic activity 

Experimental Procedure — ^The reduction of GSSG and the other disul- 
fides was measured according to the procedure of Rail and Lehmnger (10) 


TPNH was prepared enzymatically from TPN and glucose 6-phosphate 
From Fig 1 it is noted that the leoxidation of TPNH m the presence of 
disulfides, GSH, and glutathione reductase is very rapid compared to the 
reduction of TPN by glucose 6-phosphate The loss of optical density at 
340 mM could therefore be used as a measure of the disulfide reduction rate 
Unless otherwase stated, each reaction mixture contained 0 5 ml of en- 
zyme solution, 0 25 ^mole of TPN, and 0 25 pmole of glucose 6-phosphate 
m 0 1 M potassium phosphate buffer at pH 7 6 The total reaction volume 
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\\as 2 15 to 2 20 nil The TPN was i educed by incubating the reaction 
nu\tuie foi 1 houi at 25°, and the substrate solutions were then added 

The enzyme solution ivas obtained by exti acting the acetone powdei mth 
0 1 m phosphate buffei at pH 7 6 (20 mg of powdei pei ml of buffer) 
The famtty j'-elloM solution iias centrifuged (25,000 X g foi 15 minutes) 
befoie use 

All substiate solutions iieie made 0 05 m with lespect to Veisene to pie- 
vent spontaneous oxidation of the sulfhydryl compounds These Versene 
concentiations did not mterfeie Muth the leaction rates 



Fig 1 The reduction of various disulfides by a rat liver glutathione reductase sys- 
tem The reaction mixtures contained 0 5 ml of ensyme solution and 0 25 /imole of 
TPN in 0 1 M potassium phosphate buffer at pH 7 6 At zero time 0 25 /imole of glu- 
cose 6-phosphate was added At the times indicated, 0 25 /imole of the substrate 
(YSSY) and 0 5 ^mole of GSH were added The incubation temperature was 25° 
The optical density at 340 m/i vas measured every 30 seconds 

Results 

It appears from Fig 1 that, except for GSSG, none of the disulfides tested 
Mas 1 educed by the enz3Tne preparation m the absence of GSH When 
GSH was added, the different disulfides Mere reduced, although at markedlj" 
diffeient lates Also cystine was reduced under these conditions These 
observations stand in contrast to the findings reported by Hacker (3) 

It IS clear from the data in Fig 1 that, M'hereas GSSG was readilj^ re- 
duced by the enzyme system, the other disulfides m ere unable as such to 
serve as substrates under oui conditions The fact that these disulfides 
Mere rapidly reduced upon addition of small amounts of GSH is most 
readily explained by assunung that the GSSG formed by the exchange 
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Reactions 1 and 2 was continuously reduced by the enzyme The possi- 
bihty that the mixed disulfides (GSSY) can hkewise serve as substrates foi 
the enzyme glutatluone reductase should also be considered 

In Older to test the above leaction mechamsm we pioceeded to measuie 
the imtial rate of reduction of vanous disulfides in dilTeient thiol-disulfidc 
imxtures The observed rates of reduction weie correlated with the initial 
eqmhbrium concentrations of GSSG and GSSY in the substrate solutions 
These latter concentrations weie calculated by procedures previously re- 
ported (6), on the basis of the eqmhbrium constants and Kz (Reactions 
3 and 4) and the imtial eoncentiations of the reactants 



Fig 2 The initial rate of disulfide reduction in reaction mixtures contaimng dif- 
ferent equilibrium concentrations of the possible substrates (GSSG and GSSR) 
The substrate solutions were equilibrated for 10 minutes before the addition of the 
glutathione reductase system The equilibrium concentrations of GSSG and GSSR 
were calculated (6) on the basis of ifz = 5 00 and iCs = 0 34 (unpublished data) In 
itial rate of reduction (X, ADs^om/i per 30 seconds) 

In Fig 2 IS shown the imtial rate of disulfide reduction when a constant 
amount of GSSG was incubated, before the addition of the enzyme, vath 
mcreasmg amounts of cysteamine (RSH) It is clear that the imtial rate 
of reduction paralleled the calculated eqmhbrium concentration of GSSG, 
while it showed no relationship to the GSSR concentration 

In imxtures of a constant amount of GSH and increasing amounts of 
(AcRS )2 (Fig 3), again a striking correlation between the calculated GSSG 
concentration and the imtial rate of disulfide reduction can be seen In 
Fig 4 the same relationship is demonstrated in a second system (GSH + 
RSSR) Here is also included the rate of reduction in the GSH + 
HSSH system, the equihbnum constants of which are unknown Clearly 
the rate of reduction vanes quahtatively as the expected vanation of GSSG 
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In both systems (Figs 3 and 4) the concentration of mixed disulfides showed 
no correlation with the late of disulfide reduction 



GSH CONSTANT (05/iMOLE) 

Fig 3 The initial rate of disulfide reduction in reaction mixtures containing dif- 
ferent equilibrium concentrations of the possible substrates (GSSG and GSSRAc) 
Experimental conditions as in Fig 2 X, initial rate of reduction 



Fig 4 The initial rate of disulfide reduction in reaction nuxtures containing dif- 
ferent equilibrium concentrations of the possible substrates • , initial reduction rate 
in the RSSR and GSH system The initial equilibrium concentrations of GSSR and 
GSSG refer to this system and are calculated on the basis of = 2 94 and Jvj = 0 20 
(unpublished data) O, initial reduction rate in the GSH and HSSH sjstem The 
initial equilibrium concentrations of GSSG and GSSH are unknoira 

DISCUSSION 

The piesent data demonstrate that a number of disulfides can be reduced 
by a glutathione reductase S 3 ’-stem in the presence of small amounts of glu- 
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tathione The finding that in several systems the imtial rate of disulfide 
reduction parallels the initial equilibrium concentrations of GSSG in the 
substrate solution is considered evidence that these reductions are brought 
about by the following coupled leactions 


GS- + YSSY 

GSSY + GS- 

GSSG - 


GSSY + YS-, 
v« 

^ GSSG + YS-, 

^4 



glutathione 

— ; > 2GS“ 

reductase system 


(3) 

(4) 

(5) 


The fact that the imtial rate of disulfide reduction shows no correlation 
vnth the eqmhbrium concentration of GSSY rules out the possibility that 
mixed disulfides containing glutathione can serve as a substrate foi gluta- 
thione reductase 

It IS observed in Figs 3 and 4 that, in the thiol-disulfide mixtures studied, 
the eqmhbrium concentrations of GSSG were very low In fact, it can be 
calculated that the action of the glutathione reductase would rapidly have 
reduced the GSSG concentration virtually to zero, if GSSG were not 
promptly regenerated according to Reactions 3 and 4 The good agree- 
ment found between the imtial rate of disulfide reduction and the equihb- 
num concentration of GSSG in the ongmal substrate solution indicates that 
Reactions 3 and 4 were sufficiently fast to maintain the GSSG concentra- 
tion Under such conditions the equilibrium constants of the system de- 
teiimne the concentration of GSSG and thereby govern the over-all rate 
of disulfide reduction 

The reaction mechamsm presented for the reduction of disulfides by glu- 
tathione reductase, in the presence of GSH, is generally applicable So far, 
the mechamsm has been adequately studied only in the two systems in 
which the equihbnum constants and the reaction rates had been deter- 
mined The studies are now being extended in this laboratory 

In the present studies no evidence was obtained for the participation of 
enzymes other than glutathione reductase Although the possibihty can- 
not be excluded that biological systems contain enzymes capable of catalyz- 
ing thiol-disulfide exchange reactions, the spontaneous reactions in the 
systems studied seem to be sufficiently rapid to make the postulation of 
such enzymes unnecessary 

The data in this paper support our previous contention (5, 6) that the 
accessible SH and SS groups in the orgamsm exist in a dynamic equilib- 
rium, governed by the appropriate equihbnum constants and by the ratio 
(total SH)/(total SS) This ratio presumably is regulated mainly by t c 
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enzymes which oxidize and reduce glutathione These views accord to 
glutathione a specific and important function in the regulation of the state 
of body SH and SS gioups 


SUMMARY 

The role of glutathione reductase in the mechamsm of disulfide reduction 
has been reinvestigated It is demonstrated that the disulfides, cysta- 
mme, diacetylcystamine, tetramethylcystamine, tetraethylcystanune, cys- 
tine, and homocystme, can be reduced by a rat hver glutathione reductase 
system, provided glutathione is present 

Under a variety of experimental conditions the imtial rate of disulfide 
reduction was found to parallel the calculated imtial concentration of oxi- 
dized glutathione m the reaction mixture, while it showed no relation to the 
concentration of the mixed disulfide No evidence was found for the par- 
ticipation of other enzymes than glutathione reductase On this basis it 
IS concluded that the observed reduction of disulfides can be accounted for 
by a mechamsm involving a two-step spontaneous thiol-disulfide exchange 
reaction (Reactions 3 and 4), coupled with the enz 5 Tnatic reduction of oxi- 
dized glutathione (Reaction 5) It is also concluded that mixed disulfides 
contammg glutathione cannot serve as substrates for glutathione reduc- 
tase 
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After the intiapentoneal injection of sulfate-S^® into rats, some of the 
isotope was shown, by electiophoresis in starch blocks, to be associated with 
the seiTim globulins as well as with the serum albununs (1) Smith et al 
have extended the obseivations on rat sera by the use of filter paper electio- 
phoresis (2) Their results indicate that, 24 to 48 hours after intiavenous 
injection of sulfate-S®®, about 40 pei cent of the activity in the serum is 
associated with a serum constituent which has the electrophoretic mobihty 
of an ai-globuhn and which is stained intensely by fuchsm after pretreat- 
ment with periodic acid They suggest that this S^^-labeled serum con- 
stituent may be a protein with a sulfated carbohydrate as its prosthetic 
group It IS possible, however, that some of the is present in the serum 
proteins as cystine and methionine, for, after the oral administration of 
sodium sulfate-S^®, cystine-S^® and methionine-S®^ were isolated from the 
serum albumins of goats (3) 

The experiments described here show that a small fraction of a dose of 

given as sulfate, can be recovered as cystine and methionine from the 
serum proteins of the lat Most of the S®® associated with the serum pro- 
teins of rats, however, is bound as sulfate, which can be released upon acid 
hydrolysis Some of the bound S®® can be extracted from the proteins as 
part of a non-dialyzable moiety Evidence for the association of S®® with 
the albumins and fibnnogen as well as with the ai-globulms is presented 

EXPEEIMENTAL 

Into each of twelve male rats of the Sherman strain, approximatelj’- 300 
gm in body weight, 250 pc of carrier-free S®® as sodium sulfate in watei 
were injected intrapentoneally ^ The rats, having been anesthetized with 
ether, were then killed in groups of three after intervals of 6, 24, 48, and 72 
hours Blood was drawn directly from the heart and allowed to clot, and 
the sei-um was sepaiated, pooled with like samples, and set aside at 0° 
until analyzed 

The total S®® concentration in the sera was determined by counting the 
activity of the barium sulfate precipitates isolated on filter paper disks 

* The S’® was obtained from the Oak Ridge National Laboratory on allocation from 
the United States Atomic Energy Commission 
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after oxidation of 0 2 ml poitions of the sera with Denis’s reagent (4) as 
previously desciibed (1) The concentiation was similarly determined 
in all the samples mentioned, unless otherwise indicated 

1 ml portions of the sera were dialyzed against 25 ml poitions of vater 
in locking dialyzers (5) for 24 hours at 0°, and the m the dialysates and 
lesidues was determined 

To 1 ml portions of the sera, 9 ml of a cold 5 per cent solution of tn 
chloroacetic acid were added with stirring The tubes were set aside at 
0° for 30 minutes and then centnfuged The precipitates were resuspended 
in flesh 5 ml portions of the 5 per cent solution of tnchloioacetic acid and 
lecentrifuged, this piocedure ivas repeated The washes were combined 
with the initial supernatant solution, and the whole was evaporated to 
dryness on a steam bath was determined in the resultant lesidiie and 
m the proteins precipitated by the trichloroacetic acid 

3 mf of §5 per cent ethanof were adcfed to 1 mf portions of the poofecf 
sera The precipitates were isolated 1 hour later by centrifugation and 
were then extracted two tunes with 3 ml portions of 75 per cent ethanol 
m the centrifuge The extracts were added to the supernatant solution 
obtained when the proteins were initially precipitated, and the solution was 
evaporated to di yness on a steam bath was determined in the resultant 
residue and in the piotems precipitated by the ethanol 

A 2 ml portion of serum from each pool was subjected to electiophoiesis 
in a starch block (6) for 6 5 houis at 600 volts Barbital buffer, pH 8 6, 
0 1 was used with starch blocks appioximately 1 cm thick, 5 cm vide, 
and 62 cm long XJndei these conditions inorganic sulfate was sepal ated 
from the proteins but was still present on the starch block (1) The staich 
was cut into segments approximately 1 cm wide, each of which was ex- 
tracted wuth 2 ml of a 1 per cent solution of sodium chlonde After le- 
moval of the starch by filtration through a Wintered glass funnel, a 0 1 ml 
ahquot of the filtrate wms taken for the estimation of protein by a modified 
tyrosine method (7) The m a 1 ml portion of each filtrate was de- 
termined by delivery into a stainless steel planchet, by drying under an 
infrared lamp, and then by counting with a thin window Geiger-Muller 
tube 

Each of foul adult male lats, weighing 300 to 350 gm , leceived by intra- 
pentoneal injection 500 nc of cainer-free as sodium sulfate in water 
The rats were killed in groups of two, 24 and 48 hours later Approxi- 
mately one-half of each blood sample, when drawn, was delivered into a 
tube contaimng oxalate, and the remainder was allowed to clot Samples o 
plasma and serum from the rats killed at the same time were separate j 
pooled, and 2 ml portions fiom each pool were dialyzed in rocking dialyzers 
agamst 25 ml portions of water at 0° for 24 hours Electrophoresis of t le 
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proteins in a staich block with barbital buffer of pH 8 6, 0 1 followed 
Starch blocks 22 cm wide, 45 cm long, and approximately 1 cm thick 
were used, so that on one-half of the block the serum proteins and on the 
othei half the plasma piotems from the same rats could be separated 
simultaneously Sepaiation was allowed to proceed foi 48 hours at 0° 
and an applied potential diffeience of 300 volts Each half of the staich 
block was cut into segments 1 cm wide and each of these was then extracted 
with two poitions of 5 ml of a 1 per cent solution of sodium chloride The 
protein was deterrmned in 0 5 ml poitions of the filtrates (7), and the 
as follows A 5 ml portion of the filtrate was dehveied into a 600 ml 
Pyiex beaker which contained 5 ml of a 0 05 n solution of sodium sulfate 
and 10 ml of an 8 n solution of hydrochloiic acid The lesultant solutions 
were evaporated to dryness on a steam bath, the lesidues were dissolved m 
250 ml of water, and the sulfate was piecipitated by the addition of 5 ml 
of a 10 per cent solution of barium chloride The volume was i educed to 
about 75 ml by boihng, and the banum sulfate was isolated for counting 

24 hours later by filtration on to filter paper disks 

Each of SIX adult rats, three males and three females, received intra- 
pentoneally 1250 ixc of earner-free S’® as sodium sulfate in water 24 houis 
before being killed Approximately 3 ml of each blood sample were 
dehvered into a tube containing oxalate, and the remainder was allowed to 
clot The was detei mined in 0 2 ml portions of the whole blood 
After centrifugation for 30 minutes at 3000 v p m , the packed cell volume 
was noted Plasma or serum was separated from the cells oi clot, le- 
spectively was determined m the serum and plasma 

The proteins in 0 01 ml portions of the plasmas and sera were separated 
by electrophoresis on filter paper Sheets of Whatman 3 MM paper, 26 
cm wide and 54 cm long, were used with barbital buffer of pH 8 6, 0 1 
The apphed potential difference was 300 volts at 0° for 24 hours After 
drying the paper in air, it was placed in contact vith x-ray film for 2 
weeks The x-ray film undeiwent routine development, and the papei vas 
stained with tetrabromophenolsulfonphthalem (7) 

From the pooled sera, each of twelve 0 4 ml portions was dialyzed against 

25 ml of water at 0° for 4 hours in a rocking dialyzer (5) After the vatei 
was changed, dialysis was continued for 14 hours longer At tins time, in 
four of the dialyzeis 25 ml of 1 n hydrochloiic acid solution replaced the 
water and 1 ml of the acid solution was also added to the protein solution 
In four othei dialysis units, 1 n solution of sodium hydroxide smnlaily le- 
placed the wmter In the remaimng four units, the change was to fresh 
water At the end of 4 houis, the acid, the alkali, and the water were 
replaced by fresh solutions, and diab^sis was continued for an additional 
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20 hours The in the dialysates and residues was determined after acid 
hydrolysis 

To 2 ml of the pooled sera 3 ml of water were added and then, slowly 
with stirring, 5 ml of a 10 per cent solution of tnchloioacetic acid 30 
minutes later the precipitated proteins were separated by centrifugation 
and washed three times with 10 ml portions of a 5 per cent solution of 
trichloroacetic acid The pioteins were then hydrolyzed by boihng under 
a reflux for 6 hours with 25 ml of 6 n hydrochloric acid The hydrolysate 
was decolonzed with Darco G-60 charcoal and evaporated to dryness 
The residue was dissolved in 3 ml of water A 2 ml poition of the solution 
was placed on a 0 9 by 52 cm long column of Dowex 50-X8 (H+), 200 to 
400 mesh Elution with water and hydrochlonc acid followed (8) The 
effluent solution was collected in 2 ml fractions, of which 1 ml was de- 
hvered into a glass planchet After drying under an infrared lamp the 
S®® was determined with a thin window Geiger-Muller tube 

A 4 ml portion of the pooled sera was diluted with 21 ml of water and 
electiodialyzed at 0° Cellophane membranes and platmum foil electrodes 
were used Aftei 24 hours, electrodialysis was stopped, and the water in 
the end chambers was replaced by 500 ml portions of 0 1 M phosphate buf- 
fer of pH 7 5, and to the middle compartment 25 ml of 0 2 m phosphate 
buffer of the same pH, containing 12 5 mg of trypsin, were added Incu- 
bation for 36 hours at 25-30° followed, while the buffer in the end compart- 
ments was bemg stured with air To the solution from the rmddle com- 
partment, 50 ml of a 10 per cent solution of tiichloroacetic acid were added 
slowly with stirring 30 mmutes later insoluble material was removed by 
centnfugation and washed twice in the centnfuge wuth 100 ml portions of 
a 5 per cent solution of trichloroacetic acid The combined supernatant 
flmds w'^ere diluted to 400 ml with water S®® was determined in 10 ml 
ahquots after acid hydrolysis The remainder of the solution was electro- 
dialyzed and then evaporated to dryness m a flash evaporator The resi- 
due wms dissolved in 10 ml of w'ater, and the concentrations of S®®, glu- 
curonic acid (9), and hexosamines (10) therein W’^ere deterimned 

The protein piecipitated by tnchloroacetic acid after treatment with 
trypsin was dissolved in 50 ml of a 2 per cent solution of sodium hydroxide 
and the S®® wms determined with 5 ml ahquots 

Two adult rats each received 1500 fic of carrier-free S®® as sodium sul- 
fate in water They were killed 20 hours later Blood was drawn into 
tubes contaimng oxalate After the plasma wms separated from the cells, 
the buffj’- layer of cells wms transferred to a Shevky-Stafford tube contain- 
ing 5 ml of a 1 per cent solution of sodium chlonde After centrifugation, 
the sahne solution wms discarded and the cells w^ere transferred again to a 
Shevky-Stafford tube which contained 5 ml of the sahne solution Centm- 
ugation and washing w’^ere repeated four more times Finally the to a 
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volume of cells and the volume of white cells weie noted The concentra- 
tion of m the sample of cells was determined Samples of red cells were 
similarly washed and analyzed for S®® 


RESULTS AND DISCUSSION 

From the data presented in Fig 1, it can be seen that, as the concentia- 
tion of given as sodium sulfate, decreases precipitously in the rat serum, 
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Fig 1 The fraction of total associated with proteins of rat seruin after inter- 
vals of time subsequent to the intrapentoneal injection of sodium sulfate-S^' The 
results were obtained (1) with electrophoresis m a starch block for 6 5 hours at an 
applied potential difference of 600 volts, (2) with equilibrium dialysis against water, 
(3) by precipitation of the proteins with 5 per cent trichloroacetic acid, (4) by precipi- 
tation of the proteins at an ethanol concentration of 75 per cent The change in the 
concentration of S’® in rat serum with time is shown in Curve 5 The sera were 
from adult rats, each of which had received 250 fic of sulfate-S’® 


an mcreasmg fraction of the remaimng isotope is associated vuth the serum 
proteins Approximately s imil ar values for this fraction are obtained 
whether one uses electrophoresis in starch blocks, dialysis against water, 
precipitation of the proteins b 3 ’- trichloroacetic acid, or precipitation by 
ethanol 

In order to ascertain whether the w as associated with one or more of 
the protein components in the serum and plasma of rats, the protein com- 
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ponents were separated by extended electrophoresis on starch blocks and 
on filter papei A typical electrophoretic pattern of the serum proteins 
as separated in a staich block is shown in Fig 2, b By comparing this 
pattern with the pattern of S®® concentrations in the starch block (Fig 
2, a), it is seen that most of the isotope is associated with the protein or 
proteins which move as does arglobuhn This observation is in accord 
with the findings of Simth et al (2), based on electrophoresis of lat sera on 
filter paper A sigmficant amount of the S®® is, however, also associated 



Fig 2 Electrophoretic patterns of adult rat serum 48 hours after the mtrapen- 
toneal injection of sodium sulfate-S’® The separation was effected in barhital buffer, 
pH 8 6, 0 1 /I, in a starch block at an applied potential difference of 300 volts for 48 
hours The S’® (a) and protein (6) contents in 1 cm wide segments were determined 
as detailed in the te\t 

with the albumin fraction, and small amounts with the globuhns other than 
the ai-globuhn With the exception that shghtly more activity was found 
in the region of the 7-globuhns when plasma was used, the electrophoretic 
analyses of plasma gave results similar to those obtained with serum 
The electrophoretic separation of the proteins of rat sera and plasmas on 
filter paper is shown m Fig 3, A, and the autoradiograms of the paper 
before staming in Fig 3, B Here agam it is seen that S®® is associated 
mostly with the albumins and the ai-globuhns A less intense reaction is 
also given by regions of the paper to which the other globulins have mi- 
grated Of particulai interest is the mdication on the autoradiograms that 
in the region occupied by the 7-globuhns there is a rather irregular and 
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stiongei leaction when plasma is used instead of seium This maj^ be due 
to the piesence in lat fibiinogen, as in bovine fibiinogen, of t3uosin3'^]-0- 
sulfate ladicals (11) 

Having established that associates with the serum and plasma pio- 
teins of lats aftei the adnunistration of S®®-labeled sulfate, it was of mteiest 
to deternnne whethei an3^ of the S*® was piesent m the proteins as C3"stine 
and methionine Chi omatography of a hydiolysate of serum pioteins 
on Dowe\ 50 showed that, of the total S*® associated with the pioteins 
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Fig 3 Electrophoretic patterns of serum (S) and plasma (P) proteins on filter 
paper, A, and the autoradiograms of the protein patterns produced onx-rij film, B, 
before the paper was stained with tetrabromophenolsulfonphthalein The sera and 
plasmas iiere from rats that had received intraperitoneallj 1250 ftc of as sodium 
sulfate 24 hours previoush”^ It can be seen that v as present in the positions to 
which the albumins and ai-globuhns had migrated In the positions occupied bj the 
other globulins, small amounts of vere also present XO 267 

24 houis after injection of the S’Mabeled sulfate, 5 1 pei cent vas piesent 
as C3’^stme and methionine sulfui The lemamdei of the vas eluted 
fiom the column of lesin as moiganic sulfate These observations aie m 
accoid with lepoits (12-14) that 01113'- an e\ceeding]3' small, sometimes 
undetectable, fraction of a dose of sulfate-sulfur can be lecoiered fioni lat 
tissues as C3'stine and methionine sulfui 

Carboh3’^diate-proteni complexes have been isolated from human pla'^ma 
(15-17), and the suggestion that the3 contain labile sulfate groups (15, Hi) 
IS substantiated in pait b3^ the recent isolation of chondroitni sulfate fiom 
oimal human plasma (IS) Therefore, it vas not surpiisiiig that, after 



354 


SULFATE-S®* AMTH SERUM PROTEINS 


the elimination of most of the piotems fiom 4 ml of lat seium tiyptic 
digestion, piecipitation Mith tiichloroacetic acid, and electiodiatysis, 30 6 



Duration of dialysis in hours 

Fig 4 Effect of the substitution of 1 n hydrochloric acid and 1 n sodium hydros 
ide solutions for atei on the recoverj'- of S®' in dialj^sates of rat serum From a pool 
of sera, obtained from rats 24 hours aftei each animal received intrapentoneall} 1250 
fic of S®® as sodium sulfate, 0 4 ml samples weie dialyzed against 25 ml portions of 
water at 0° The v ater was changed peiiodicallv After 18 hours some of the sam 
pies were dialjzed against acid or alkali at 0° Each point is the average value on 
four samples 


Table I 

m Blood, Plasma, and Seinm of Adult Rats 24 Homs after 
Intrapentoneal Injection of Sxdfate-S^^ 


Each rat received 1250 fic of earner-free as sodium sulfate in vatei 


Rat No 

Bod> eight 

Blood 

Phsma 

Serum 

Cells* 


£»» 

c p in per ml 

c p in per ml 

c p m per ml 

c p m per ml 

1 

270 

11,220 

29,460 

20,625 

2,9S0 

2 

2S1 

11,100 

18,465 

19,095 

3,736 

3 

310 

12,685 

20,855 

20,420 

4,516 

4 

250 

16,445 

30,240 

29,525 

2,650 

5 

228 

24,560 

41,605 

44,000 

7,516 

6 

222 

27,550 

37,520 

41,605 

17,580 


* The packed cell volume vas found to represent 47 to 52 pei cent of the toti 
blood volume The concentration of S’* in the cells was calculated intli 50 per cent 
as an average value for the packed cell volume ((S’* in 1 ml blood) — m 1 m 
plasma)) X 2 = S’* in 1 ml cells 

pel cent of the origmallj’- associated Mith the piotems iias lecoveiecl m 
solution with 80 7 of glucuronic acid and 1940 7 of hexosamine 
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Apparentlj'- the sulfate which goes along with the serum proteins is 
strongly bound It is not removed by dial 3 '^sis against changes of water at 
0° for up to 42 hours, oi by electrophoresis in starch blocks at pH 8 6 and 
0° for 48 houis when the apphed potential difference is 300 volts Values 
for bound similar to those obtained by the two techniques just men- 
tioned weie obtained also when the pioteins were precipitated by a concen- 
tration of 75 per cent ethanol or 5 pei cent trichloroacetic acid (Fig 1) 
It was found, however, that at 0°, when sera were dialyzed against 1 n 
hydrochloric acid solutions or 1 n sodium hydroxide solutions, more sulfate 
could be recovered in the dialysates than when dialysis was against water 
(Fig 4) The additional amounts of sulfate thus recovered were approxi- 
mately the same whether sera were dialyzed against the acidic or alkahne 
solutions 


Table II 

S’® in Blood, Plasma, Red Cells, and White Cells of Adult Male Rats 
20 Hours after Intraperitoneal Injection of Sulfate-S^^ 


Each rat received 1500 pc of earner-free S’® as sodium sulfate in water 


Rat No 

Body weight 

Blood 

1 

Plasma 

Red cells 

White cells* 


gftt 

c p m per ml 

c p m per ml 

c p m per ml 

cpm per ml 

7 

263 

114,850 

174,000 

mmm 

66,700 

8 

345 


91,750 

■■ 

53,800 


* Calculated after subtraction of the activity associated with the red cells which 
were present m the sample analyzed 


From the data in Table I it is evident that the concentration of m the 
plasma does not differ significantly from that in the serum Calculations 
based on the concentration of in whole blood and in plasma suggest 
that a sigmficant amount of the isotope was present also in the cells The 
white cells apparently take up more of the S®® in 20 hours than do the red 
cells (Table II) as reported also by Odell et al (19) 

SUMMARY 

After the intraperitoneal injection of sodium sulfate-S®® into rats, as the 
concentration of S®® m the sera decreased an increasing fraction of the re- 
maimng isotope was associated with the serum proteins 
Electrophoretic analysis of sera showed that most of the S®® was asso- 
ciated with the ai-globuhns and the albumins VTien plasma vas used, 
it was also seen that S®® was associated with fibrinogen 

Chromatography on Dowex 50 resin of hj’'drol 3 ''sates of protems from sera, 
removed 24 hours after injection of suIfate-S®®, revealed that about 5 per 









356 


SULFATE-S^® WITH SERUM PROTEINS 


cent of the isotope associated with the proteins was present as cystine and 
methionine and the remainder as sulfate 
After trjTptic digestion and precipitation of undigested proteins mth 
trichloroacetic acid, about 30 per cent of the S®® origmally associated ■mth 
the serum proteins was recoveied as part of a non-dialyzable component 
Glucuromc acid and hexosamme were also present in this solution 

BIBLIOGRAPHY 

1 Dziewiatkowski, D D , J Exp Med , 99, 283 (1954) 

2 Smith, L H , Anderson, B , and Odell, T T , Jr , Proc Soc Exp Btol and Med, 

90, 360 (1955) 

3 Block, E, J , Stekol, J A , and Loosh, J K , Arch Btochem and Biophys , 33, 

353 (1951) 

4 Denis, W , J Biol Chem , 8, 401 (1910) 

5 Hamilton, P B , and Archibald, R M , Anal Chem , 16, 136 (1944) 

6 Kunkel, H G , and Slater, R J , Proc Soc Exp Btol and Med , 80, 42 (1952) 

7 Kunkel, H G , and Tiselius, A , J Gen Physiol , 35, 89 (1951) 

8 Stein, W H , and Moore, S , Cold Spring Harbor Symposia Quant Biol , 14, 179 

(1950) 

9 Dische, Z , J Biol Chem , 167, 189 (1947) 

10 Einbinder, J , and Schubert, M , J Btol Chem , 185, 725 (1950) 

11 Bettelheim, F R , J Am Chem Soc , 76, 2838 (1954) 

12 Tarver, H , and Schmidt, C L A , J Biol Chem , 130, 67 (1939) 

13 Bostrom, H , and Aqvist, S , Acta chem Scand , 6, 1557 (1952) 

14 Dziewiatkowski, D D , J Biol Chem , 207, 181 (1954) 

15 Winzler, R J , Devor, A W , Mehl, J W , and Smyth, I M , J Chn Invest , 

27, 609 (1948) 

16 Weimer, H E , Mehl, J W , and Winzler, R J , / Biol Chem , 186, 561 (1950) 

17 Schmid, K , / Am Chem Soc , 76, 60 (1953) 

18 Schiller, S , and Dewey, K F , Federation Proc , 16, 348 (1956) 

19 Odell, T T , Jr , Tausche, F G , and Gude, W D , Am J Physiol , 180, 491 

(1955) 



A MICROMODIFICATION OF THE SMITH AND ROE METHOD 
FOR THE DETERMINATION OF AMYLASE 
IN BODY FLUIDS 

By benjamin W SMITH and JOSEPH H EOE 

{From the Department of Biochemistry, School of Medicine, George Washington 
University, Washington, DC) 

(Received for publication, February 6, 1957) 

The procedure developed by Smith and Roe (1) for the determination of 
amylase m body flmds, in which the starch-iodme color reaction is utilized, 
IS hmited for chmcal and experimental purposes by the size of the sample 
required, which is 2 ml This procedure also uses a large volume of water, 
500 ml , m the color development, which is inconvement and not econormcal 
In the following micromodification, the quantity of the sample analyzed 
IS reduced to 0 2 ml , and the volume of water used for dilutmg the color 
IS decreased to 200 ml The method is greatly simplified and the speed 
and accuracy of the origmal procedure are retained 

Reagents — 1 Phosphate buffer-sodium chloride solution A 0 06 M 
phosphate buffer solution, pH 7 2, which is 0 05 m in sodium chloride, is 
prepared as follows 2 922 gm of sodium chloride, 6 135 gm of anhydrous 
disodium hydrogen phosphate, and 2 286 gm of anhydrous potassium 
dihydrogen phosphate are dissolved in distilled water in a hter flask and 
the volume is made up to 1 hter 

2 Substrate solution AOS per cent suspension of soluble starch m the 
phosphate buffer-sodium chloride reagent is made up at the time of use 
300 mg of Lintner soluble starch (Merck) are weighed accurately and 
suspended m about 10 ml of cold phosphate buffer-sodium chloride solu- 
tion in a 100 ml volumetric flask, which is agitated until all of the starch 
IS brought mto a homogeneous suspension The suspension is made up to 
volume with boilmg phosphate buffer-sodium chloride reagent and mixed, 
and the flask is placed in a boilmg water bath for 3 minutes The starch 
mixture is transferred to a 125 ml Erlenmeyer flask to facilitate mixing and 
pipettmg, and this flask is placed in the water bath and allowed to cool 
to about 90° The starch suspension is maintained at constant tempera- 
ture during pipetting 

Starch solutions prepared m this manner vnll keep m the refrigerator for 
a period of 2 weeks with no greater than a 10 per cent loss in the suscepti- 
bility of the substrate to hydrolysis by amylase YTien usmg the refriger- 
ated substrate, mix thoroughly and pour slightly more than vail be used 
mto a large test tube Place the tube m a boihng v ater bath for 3 minutes, 
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allow the bath and substrate to cool to 90°, and maintain at a constant 
temperature, as before, while pipettmg 

3 N hydrochloric acid 

4 Iodine reagent 18 gm of potassium iodide and 1 8 gm of loduie are 
dissolved in distilled water m a hter flask and the solution is made up to 
volume 


Procedure 


2 ml of the substrate solution are pipetted mto each of two 15 X 125 
mm rimmed test tubes and placed in a water bath at 37° until temperature 
eqmhbration is reached 0 1 ml of whole blood, serum, plasma, or urine 
IS added to one tube The second tube is retained as a control, and both 
tubes are incubated for one-half hour At the end of the incubation period, 
the contents of the tubes are poured mto labeled 200 ml volumetric flasks 
contaimng about 100 ml of distilled water and 3 ml of n HCl The tubes 
are rinsed four times with distilled water and the washmgs are added to the 
flasks 0 1 ml of the sample being analyzed (whole blood, serum, plasma, 
or urine) is added to the control flask and 1 ml of lodme reagent is added 
to each flask The flasks are made up to volume and mixed thoroughly 
After 15 minutes, the colored solutions are compared in a photoelectric 
colorimeter at 620 m/x, distilled water being used to set the mstrument at 
zero absorbance The control flask gives the starch-iodine color value 
without amylase action and the digest flask gives the value remaimng after 
amylase action 

Calculations — If D = optical density, then ((D of control) — (D of di- 
gest)/!) of control) X 6 = mg of starch hydrolyzed The amylase umt 
IS defined as the amount of enz3rme that, under the conditions of this 
procedure, will hydrolyze 10 mg of starch in 30 mmutes to a stage at which 
no color is given with lodme 

For whole blood, plasma, serum, or urme, the calculation then becomes 
((D of control) — (D of digest)/!) of control) X 6/10 X 100/0 1 = amylase 


umts per 100 ml 

When High Values Are Obtained — ^If the experimental tube gives an 
optical density between 0 1 and 0 02 (80 to 95 per cent transmittance), 
dilute the sample bemg analyzed 1 1 with salme, for optical densities less 
than 0 02 (above 95 per cent transmittance), dilute 1 4 with saline and 


repeat the test 

Compansm with Original and Somogyi Methods — Serum amylase values 
were determmed on fifteen fasted human subjects by the proposed micro- 
method and by the origmal Smith and Roe procedure The values (Table 
I) are averages for three determmations It was found that the micro- 
procedure gave higher results than the macromethod, by a ratio of 1 21 1 
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In the ouginal lepoit (1), comparative analyses upon normal subjects, 
with the method published and the Somogyi method (2), showed that the 
values obtained by the Somogyi method aie 10 per cent highei than those 
obtained by Smith and Roe Since the rmcromodification, as shown m 
Table I, gave lesults that aie 21 per cent higher than those obtained by 
the maciomethod, it follows that the pioposed rmciopiocedure gives values 
appiovimately 10 per cent higher than would be obtained by the Somogju 
method For practical pui poses, the results by the proposed nucro- 


Table I 


Companson of Seium Amylase Levels by Smtth-Roe Procedure and 
by Proposed Mtcromodijicaiion 


Subject No 

Original method j 

1 

Proposed 

micromodification 

Micro 

Macro 

1 

units per 200 ml 

38 

units per 200 ml 

46 

1 21 

2 

48 

57 

1 19 

3 

58 

73 

1 25 

4 

53 

60 

1 13 

5 

75 

86 

1 15 

6 

58 

67 

1 15 

7 

59 

65 

1 10 

8 

46 

58 

1 26 

9 

69 

85 

1 23 

10 

59 

74 

1 25 

11 

81 

96 

1 19 

12 

44 

55 

1 25 

13 

56 

71 

1 27 

14 

50 

63 

1 26 

15 

60 

74 

1 23 

Mean 

57 

69 

1 21 


procedure may be consideied as essentially comparable to the data obtained 
by the Somogyi method (2) 

The variation in results obtained by the micro- and the macropioceduies 
was found to be due to a variation m the method of preparation of the 
starch substrate The concentration at which the starch was originally 
prepared was the determining factor in the amylase activity of a gnen 
serum sample Table II shoii s the amylase values by the proposed method 
obtained with staich solutions prepaied in concentrations of 1 2 and 0 3 
pel cent and m varying final dilutions The amount of starch present was 
the same (6 mg ) in each digestion mixture The results shov that dilution 
of a previously prepared substrate, made at the time of the anal} sis, had 
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no effect, but the concentration at which the starch was originally prepared 
had a marked effect The starch heated in a suspension of lowei concen- 
tration was considerably more susceptible to amylase action 
Substrate Studies — In view of the great advantage to the clinical labora- 
tory of having a substrate that may be kept m the refrigeiator for considera- 
ble periods of tune and used as needed, studies were earned out on the 
keeping quahties of a number of starch preparations An entirely satis- 
factory pieparation was not found The preparations tested mcluded the 
starch-phosphate buffei-NaCl solution reported herein, the same solution 
contaimng 10 per cent glycerol, the same solution contaimng 10 per cent 
glycerol and saturated with thymol as a preseivative, and a solution in 
which phosphate buffei was replaced by a ti is (hydroxymethyl) amino- 


Table II 

Serum Amylase Values at Varying Substrate Concentrations 


Substrate 


Final 

volume 

Determination No 

Average 


1 

2 

3 

1 

”il 

Pil 

untts per 100 
ml serum 

unUs per 100 
ml serum 

units per 100 
ml serum 

unils per 100 
ml serum 

1 2% starch 

0 5 

1 

77 

74 

77 

76 

1 2% “ 

0 5 

2 

77 

77 

80 

78 

0 3% “ 

2 0 

2 

91 

91 

91 

91 

0 3% “ 1 

2 0 j 

4 

91 

92 j 

94 

92 


methane (Tris) buffei , pH 7 2, prepared according to Gomori (3) Sub- 
strates were prepared and kept m the refrigerator until time for use 

The results shown in Table III are typical of all the solutions tested 
Some precipitation of starch occurred m all solutions m 2 weeks, and exten- 
sive piecipitation with considerable loss in susceptibility to enzyme action 
took place m 3 weeks The decreased susceptibility to enzyme action 
during the first 24 hours was not accompanied by any apparent changes in 
the appearance of the solution, but there was a slight deciease m the capac- 
ity of the staich to produce a blue color with iodine This decrease in the 
intensity of color produced vath iodine became progressively greater vath 
time 

In these studies Tris buffei gave results identical to those obtained with 
phosphate buffer, wnthm experimental error The former reagent can, 
therefore, serve as a substitute for the phosphate buffer m the determina- 
tion of amylase, if it is desired to limit the concentration of phosphate 

An attempt ivas made to i emove the material precipitated from the sub- 
strate mixtures by filtration previous to refrigeration Six different grades 
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of filter paper and three different porosities of sintered glass filters were 
used Filtration removed some of the starch, as evidenced by the de- 

TabiiE III 

Studies on Keeping Qualities of Starch Preparations 


Action of urinary amylase on the proposed substrate kept in the refrigerator for 
varying periods of time Human urine, diluted 1 4 with distilled water, served as 
the source of enzyme 


Time in refngerator 

1 Units per 100 ml when pipetted 

Precipitation of substrate 

Hot 

Cold 

hrs 




0 

150 


None 

24 

138 

129 

ic 

wks 




1 

136 

127 

t< 

2 

135 

122 

Some 

3 

110 

98 

Extensive 


Table IV 


Distribution of Serum Amylase Values of 122 Fasted and 62 Non-Fasted Subjects 


Amylase value 

No of fasted subjects 

No of non fasted subjects 

units per 100 ml 

10- 20 

1 

1 

20- 30 

6 

1 

30- 40 

9 

0 

40- 50 

27 

3 

50- 60 

14 

8 

60- 70 

23 

17 

70- 80 

22 

12 

80- 90 

8 

5 

90-100 

1 

7 

100-110 

6 

4 

110-120 

4 

2 

120-130 

1 

0 

130-140 

1 

2 

Total 

122 

62 


creased mtensity of color produced with lodme, but had no effect on the 
subsequent precipitation of the substrate or its susceptibility to enz3Tne 
action 

Norvial Serum Amylase Value — Before the micromodification reported 
m this paper was developed, anatyses v ere made with the regular proce- 
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dure (1) designed to establish the range of normal serum amylase values of 
human subjects The individuals tested were medical and graduate stu- 
dents between the ages of 18 and 36 years, who were apparently in good 
health The groups mcluded 122 subjects who were fasted overmght and 
62 subjects who were not fasted The results are shown m Table IV 

The serum amylase values of the fasted group ranged between 19 8 and 
134 imits per 100 ml , with a mean of 62 2 umts, the standard deviation 
was ±22 99 and the standaid erroi of the mean was ±2 07 The range of 
values for the non-fasted subjects was 18 9 to 136 6 umts per 100 ml The 
mean value of this group was 74 3 units, with a standard deviation of 
±22 39 and a standard error of the mean of ±2 84 Statistical analysis 
of these data showed a sigmficant difference (P <0 01) between the fasted 
and the non-fasted groups 

The highest values observed m the fasted and non-fasted groups were 
134 and 137 umts per 100 ml , respectively If the micromodification had 
been used, the highest normal values would have been 162 and 165 units 
per 100 ml for the fasted and non-fasted groups, respectively, calculated 
with the conversion factor of 1 21 mentioned above 

SUMMAEY 

1 A micromodification of the Smith and Roe method for the determina- 
tion of amylase in body fluids has been developed The method has been 
simplified and the speed and accuracy of the original procedure have been 
retamed 

2 This procedure gives values 21 per cent higher than the original 
method The differences m the results obtained by the two methods are 
due to a variation m the concentration of starch used at the time of prep- 
aration of the substrate Dilution of the starch suspension after the sub- 
strate had been prepared had no effect on the activity of the enzyme 

3 The range of serum amylase values of normal human subjects by the 
original Smith and Roe procedure, per 100 ml , was found to be 19 8 to 
134 units for 122 fasted subjects and 18 9 to 136 6 umts for 62 non-fasted 
individuals 
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Previous work has shown that animal and plant tissues aie able to syn- 
thesize branched chain fatty acids such as ;S-hydroxy-^-methy]glutaric 
acid,^ (8-hydroxyisovaleric acid, and jS,jS-d]methylaciyhc acid from smaller 
precursors such as acetic acid (1-7) This synthetic pathway appears to 
involve the following reactions wherein it is assumed that all the acids are 
activated as acyl CoA derivatives 

O 

II 

( 1 ) 2CH3— COOH CH3— C— CH2— COOH 

Acetic acid acetoacetic acid 


0 OH 

II I 

( 2 ) CH3— C— CH2— COOH + CH3— COOH CHs— C— CH:— COOH 

I 

CHs— COOH 

Acetoacetic acid acetic acid /3-h3'dro\}’'-/3-niethjlglutanc 

acid 


OH 

( 3 ) CHj— C— CH2— COOH 

I 

CH:— COOH 

/3-H3’^droxy-/3-methylglutaric 

acid 


CHj OH 


\l 

C— CH.— COOH + CO; 


CH, 


/3-hydro\3 isovaleric 
acid 


* This investigation was supported in part b 3 ’’ grants from the Life Insurance 
Medical Research Fund, the American Cancer Societ 3 , and the Elisabeth Severance 
Prentiss Fund of Western Reserve Universit 3 A preliminary report of this ^^ork 
has appeared {Federation Proc , 16, 342 (1956)) The C*< used in this i^ork vas ob- 
tained on allocation from the Atomic Energy Commission 

t Scholar in Cancer Research of the American Cancer Societ 3 
*The following abbreviations are used /S-lwdro\ 3 -i3-meth3lglutanc acid, HMG, 
coenz 3 me A, CoA, reduced coenz 3 me A, Co A. SH, acetvl coenz\ me A, Ac CoA, aceto- 
acet 3 d coenzyme A, AcAc CoA, adenosine tnphosphate, ATP, ,8-ln dro\^ -;3 meth 3 l- 
glutar 3 l coenzyme A, HIMG CoA 
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CHs OH CHs 

\1 \ 

(4) C— CHo— COOH C=CH— COOH + H,0 

/ / 

CH: CHj 

/3-Hydro\yas ovalenc /9 , j3-diinethylacrylic 

acid acid 

The distribution of m HMG, /3-hydroxyisovaleric, and /3,i3-dimethyl- 
acrylic acids observed when C^^HsCOOH was incubated vuth cell-free rat 
liver preparations is in agreement with the foiegoing sequence of reactions 
These activated branched chain fatty acids or closely related derivatives 
thereof appear to be precursors m the synthesis of cholesterol, since the 
pattern of labehng found in the branched chain fatty acids closely resembles 
that found in squalene (8) and cholesteiol (9, 10) Reactions 2, 3, and 4 
have been studied in the reverse direction by Bachhawat et al (11) These 
workers found that the foimation of acetoacetate and acetyl CoA from 
dimethylacrylyl CoA involved an obhgatory hydration with crotonase 
followed by an ATP-requiimg CO 2 fixation to form HMG CoA This 
was spht by an HhlG CoA cleavage enzyme to acetyl CoA and free aceto- 
acetic acid (12) The reverse of the cleavage leaction did not appear to 
take place readily 

It has hitherto been uncertain as to whether acetyl CoA condensed with 
free acetoacetate or with AcAc CoA in the primary condensation reaction 
leading to branched chain fatty acid synthesis (Reaction 2) In this 
paper evidence is presented that acetyl CoA and AcAc CoA aie the react- 
ing moieties m the formation of HMG Studies on the cellular distribu- 
tion of the enzjone show that the enzyme system is located chiefly m the 
microsomes The enzyme catalyzing the formation of HMG from acetyl 
CoA and AcAc CoA has been designated the HMG-condensing enzyme to 
distinguish it from the w^ell knowm condensing enzyme catalyzing the for- 
mation of citric acid (13) - 

Methods and Matenals 

Preparation and Fractionation of Rat Laver Homogenate — ^All operations 
were carried out at 4° unless otherwnse indicated Freshlj'^ lemoved rat 
hvers weie finely minced foi 30 seconds with foui lazor blades set 6 mm 
apart m an aluminum block 2 ml of medium as prepared by Rabinovutz 
and Gunn (6) w^ere added per gm of liver and the suspension was homoge- 
mzed for 45 seconds m a loose fitting homogemzer (a Teflon pestle bavmg 

- The crystalline citrate-condensing enzyme is inactive vath acetyl CoA and aceto 
acetyl CoA as substrates as measured optically by the disappearance of acetyl Co 
thio ester absorption at 240 mti and the enolate absorption of acetoacetyd CoA at 
m;i (personal communication from Dr J R Stern) 
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an outside diameter of 25 mm and a glass mortar with an inside diameter 
of 27 mm ) When 200 ml of homogenate were collected, the cell debris 
was removed by centiifugation at 100 X g for 10 minutes Mitochondria 
weie lemoved by centiifugation at 5000 X g foi 30 minutes Microsomes 
weie obtained by centrifugation at 100,000 X ^ m a Spinco preparative 
ultiacentiifuge foi 30 minutes The supernatant solution is lefeired to 
in the text as the supernatant fi action The microsomal pellet was ho- 
mogenized foi 30 seconds with 2 volumes of 10~^ m Veisene and allowed to 
stand at 0° foi 5 minutes, then centrifuged at 100,000 X g for 30 minutes, 
and the supernatant solution is lef erred to m the text as the imcrosomal 
extiact The microsomal extract could be lyophihzed and the dried pov- 
dei would remain stable for 1 to 2 weeks when stored at — 15° aftei which 
it giadually lost enzymatic activity 

Preparation of HMG-Condensing Enzyme from Beef Liver — ^AU operations 
were at 4° A beef hver obtained directly from the slaughterhouse was 
packed m ice and processed as quickly as possible The hver was giound 
with a meat grinder to a fine paste 100 gm of hver paste and 200 ml of 
Rabmowitz-Gurin medium were homogenized in a Waring blendor for 30 
seconds at one-third the normal Ime voltage The homogenate was 
centrifuged m 1 hter buckets in an International PIl-2 centrifuge for 10 
mmutes at 2000 i p m to remove cell debus The supeinatant solution 
was centrifuged at 5000 X g for 30 minutes to remove mitochondria The 
resultant supernatant flmd was centrifuged m a Spinco prepaiative ultra- 
centrifuge for 30 nunutes at 50,000 X <7 to obtain imcrosomes The micio- 
somal pellet was suspended m Rabinowitz-Gurm medium equal to one-half 
the original homogenate volume and recentnfuged at 50,000 X g The 
washed microsomal pellet was homogenized in a Potter-Elvehjem homoge- 
nizer for 1 minute with 5 volumes of 10~^ m Versene Aftei standing for 
5 minutes it was centrifuged at 50,000 X S' for § hour The supernatant 
solution was lyophihzed and could be stoied at —15° for 1 to 2 weeks 
without any loss of activity 

The lyophihzed prepaiation was purified about 10-fold further as follows 
400 mg of pow'der m 10 ml of H 2 O w'ere bi ought to pH 5 0 with acetic acid 
and the precipitate was discarded Ammonium sulfate was added to 45 
per cent saturation (calculated on satuiation at 25°) and the precipitate 
was dialyzed against 10“^ m Versene for 3 hours Duiing the dialysis some 
inactive protein piecipitated from solution and this was removed The 
dialyzed solution could be kept frozen for 1 v eek w ithout loss of activity 
It steadily lost actmty thereafter This preparation could be purified 
further by adsorption of inactive protein on calcium phosphate gel (2 mg 
of gel per 25 mg of protein) 

Preparation of Cell-Free Yeast Extract — 27 gm of Red Star bakers’ jeast 
were suspended in 4S ml of 2 5 X 10“^ ’u potassium phosphate buffer, 
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pH 6 75, at 0° The cells were disintegrated with a Nossal shaking ap- 
paratus (14) Two shaking periods of 15 seconds weie used in conjunction 
Mith 5 ml of No 12 Ballotim beads (obtained from the Minnesota Mining 
and Manufacturing Company) Cell debris and beads were lemoved by 
centiifugation at 20,000 X g foi 10 minutes The supeinatant solution 
■was then centiifuged in a Spinco ultracentiifuge foi 30 minutes at 105,000 
X g The lesultant supeinatant solution was used as the condensing 
enzyme It letamed its activity foi 1 week when stoied at —15° The 
105,000 X g pellet also exhibited condensing enzyme activity It is possi- 
ble that in the intact yeast cell all of the HMG s3mthesis occurs in these 
particles and that the acti\aty seen in the supernatant solution results 
fiom damage to the particles Klein and Booher (15) have found that most 
of the sterol synthesis m yeast is locahzed in these particles 
Prepaiation of Substrates and Materials — CoA was a commeicial piep- 
aration from the Pabst Laboratories Acetyl CoA was prepared from 
acetic anhydride by the general method of Simon and Shermn (16) , acetic- 
C^'* anhydride was obtained from commeicial sources AcAc CoA was 
prepared fiom diketene by the method of Wieland and Rueff (17) Acetyl 
and acetoacetyl derivatives of pantetheine were prepared in a similar man- 
nei The pantetheme obtained commercially (Nutritional Biochenucals 
Coiporation) was reduced by sodium borohydride 
Acetoacetate-3-C^'‘ was prepaied by the method of Curran (18) HMG 
ivas prepared by the method of Adams and Van Duren (19) and /3-hydroxy- 
isovaleric acid as the Ag salt by the procedure of Kohn (20) Potassium 
acetoacetate was prepared by incubating redistilled ethyl acetoacetate with 
an equivalent amount of 1 N KOH for 24 hours at 4° and titrating to 
neutiahty, followed by lyophihzation Water was then added to bimg to 
a 1 0 M concentiation and the solution was stored at —15° 

Enzymatic Assay — ^The labeled substiates wmre incubated with the 
enzjme piepaiations and additions as desciibed m the footnotes to Tables 
I to VI, then 6 n KOH was added to a final concentration of 0 2 N and the 
rmxture wms alloived to stand for 30 rmnutes at room tempeiature to 
hydrolyze acyl CoA derivatives Since these intermediates occur m 
amounts too small to be measuied and isolated by oidinary procedures, 
100 Aimoles of HMG and 200 ^imoles of /3-hydro\yisovaleric acid or /3-hy- 
droxybutync acid were added as earner, the mixture was acidified to Congo 
red wuth H2SO4, taken up in Cehte (2 gm of Cehte per ml of mixture), and 
continuously extracted with ether for 4 to 6 hours After removal of the 
ether the extract w*as acidified to Congo red with 1 N H2SO4 2 mmoles of 
acetic acid w’^ere added and the solution was steam-distilled to 10 times the 
origmal volume The distillate contained labeled acetic acid and other 
steam-volatile acids Acetoacetic acid is destioyed by this procedure 
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The residue which contained HMG, /S-hydroxjnsovaleric acid, /3-hydroxy- 
butyiic acid, and /3-methylglutaconic acid was placed on a Dowex 1 for- 
mate column (11 X 13 0 cm ) and eluted with 0 1 n forrmc acid The 
fi action from 30 to 90 ml contained /3-hydroxybutyrate, and /?-hydroxy- 
isovaleiate, and was saved for further purification HMG was invariably 
obtamed m the fraction from 265 to 415 ml in yields rangmg from 50 to 
75 per cent The fraction contaimng HMG was evaporated to dryness 
under an infraied lamp with care taken not to exceed 80° After evapora- 
tion a colorless syrup of HMG was obtamed which crystallized readily in 
small rosettes The HMG was titrated with KOH and ahquots contaimng 
8 /umoles of the dipotassium salt were placed on stainless steel planchets 
and evaporated, the radioactivity was counted in a gas flow counter The 
specific activity in counts per minute per micromole was multiphed by the 
number of miciomoles of cairier added to obtain total activity 

The fraction contaimng /3-hydroxybutyrate and /3-hydroxyisovalerate 
was steam-distilled to remove formate and titrated to neutrahty with KOH 
The K salts were evaporated to dryness, taken up in 0 6 ml of 3 n H2SO4, 
mixed thoroughly with 1 to 2 gm of Cehte No 535, and packed on a 
column 2 0 cm m diameter consistmg of 20 gm of Cehte No 535 thoroughly 
mixed with 10 0 ml of 0 2 n H2SO4 Elution was earned out m the fol- 
lowmg sequence with solvents equihbrated with 0 2 n H2SO4 First 200 
ml of 100 per cent chloroform were passed through, followed by 95 per 
cent chloroform and 5 per cent butanol ;8-Hydroxyisovalerate was ob- 
tamed m the fraction from 30 to 80 ml with the second solvent and jS- 
hydroxybutyrate m the fraction from 200 to 300 ml The amount of these 
acids was readily determined by titration with brom thymol blue as indi- 
cator 8 /nmoles of the potassium salts were evaporated in planchets and 
the radioactivity was measured m a gas flow counter Total activity was 
calculated m the same manner as that for HMG Proteins were detei- 
mined by the biuret procedure (21) and the Folm phenol reagent (22) 

KESULTS AND DISCUSSION 

Incorporation of Labeled Acetate into HMG, fi-Hydroxyisovalerate, and 
^-Hydroxybutyrate in Various Intracellular Fractions — The incorporation 
of labeled acetate m HMG, ;8-hydroxyisovalerate, and /3-hydroxybutyrate 
was deternuned m various cellular fractions prepared as described The 
results of representative experiments are shown m Table I It will be 
noted that the whole homogenate of rat hver after removal of cell nuclei 
and debris converts a large part of the labeled acetate to /8-hydroxTbutyrate 
Similar lesults w^ere obtamed by Katz and Chaikoff (23) with hver shces 
The supernatant fraction devoid of particulate matter is also able to incor- 
porate acetate mto the three acids tested, but more acetate accumulates 
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as HMG and /3-hydro\yisovalerate and less as /S-hydroxybutyrate Appar- 
ently the presence of mitochondria favors /3-hydroxybutyrate synthesis, 
possibly by providing a source of reduced DPN for reduction of aceto- 
acetate to /J-hydroxybutyrate Microsomes oi mitochondria suspended in 
phosphate buffer are incapable of s 3 mthesizing HMG and /3-hydro\yiso- 
valerate under these conditions although mitochondria can form /3-hydro\y- 
butyrate When the supernatant fraction is added to microsomes (Experi- 
ment 1), a marked decrease in the isotope incoiporated into /3-hydroxyiso 


Table I 

Incorporation of C^^HzCOOH into HMG, ^-Hydroxyisovalerate, and 
p-Hydroxybutyrate by Various Cellular Fractions of Rat Inver 


Expen- 

ment 

No 


HMG 

^Hy- 

droxyiso 

valerate 

puy 

droij 

butyrate 

1 

Whole homogenate 

775 

1,600 

13,800 


Supernatant fraction (100,000 X g) 

2350 

11,500 

3,500 


Microsomes 

12 

225 

75 


Mitochondria 

112 

75 

2,020 


Supernatant 4- mitochondria 

120 

125 

16,100 


“ -{- microsomes 

1480 

1,075 

4,570 

2 

Whole homogenate 

700 

350 

54,000 


Homogenate minus mitochondria 

775 

3,820 

8,700 


Supernatant fraction (100,000 X g) 

1400 

5,750 

3,500 


Microsomes 

0 

0 

0 


Microsomal extract -1- supernatant fraction 

2150 

4,500 

6,850 


The homogenate of rat liver was prepared as described under “Methods and 
materials ” The individual cellular fractions from 3 0 ml of homogenate were bus 
pended in Rabinowitz-Gurin medium to a volume of 6 0 ml The final volume was 
6 2 ml Each test tube contained 1 /^mole of ATP, 0 1 /imole of CoA, 4 /imoles of 
C^^Hj-COONa (1 75 X 10' c p m per /tmole) The incubation was for 2 5 hours at 
38° in air The figures represent total counts per minute in the respective acids 

valerate and /3-hydro\ybutyrate is noted This may indicate a utihzation 
of /3-hydroxyisovalerate for cholesterol s 3 mthesis since Bucher and McGar- 
rahan (24) have shown that cholesterol synthesis takes place chiefly m the 
microsomes and Rabmowitz and Gunn (6) found that /?-hydroxyisovaleratc 
may be used for this purpose 

A combmation of the extract from nucrosomes lysed in 10"^ m Versene 
and the supernatant fraction from the homogenate caused more acetate to 
accumulate m HMG to a greater extent than that observed in the super- 
natant fraction alone (Experiment 2) This effect was investigated m 
greater detail and the results are shown m Table II These expenmenta 
show that the microsomal extract contains the enzymes which synthesize 
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HZNIG irom acetate ATP and CoA When the supernatant fraction is 
added the acetate is shifted from HAIG towards S-hydroxvisovalerate 
and d-hydroxj'butjTate synthesis Apparently the microsomal extracts 
do not hs^*e the abdity to form d-hydro-onsovalerate and therefore have 
lost the enzyme which decarboyidates HTvIG or some dem'ative of HAIG 
to 5*hydrox].isovaIerate This extract has an absolute dependence on ATP 
and CoA fo- HAIG synthesis It wiU be seen later that this dependence 
results from a requirement of the acetate-activatmg enzyme for these fac- 
tors smce acetyl CoA does seri'e as the substrate m the absence of ATP 
and CoA 

The presence o: the acetate-activating enzyme m this system appears to 


TABin n 

O’- c~ C 'H.COOH ’t'o S21G ^-E^d-ozu-sa’-c’erc^e, 
c-d S-H .d-oz’.z'-'y’c'-' bj J/ r-c^o—c^ Ez^’cci-'' 


1 

r-zrer:- 1 

1 

1 

f 

1 

1 

^ HMG 

1 



1 

1 S-pemctcar fraction 

1 570 

2300 

3,650 

llicroiomsi ew-ac* 

2 900 

300 

50 

“ ‘ — suaemataa: fraction 

1 1,1-0 

1650 1 

14,400 

2 1 Saperaa'aat fract.oa 

\ 725 

5750 i 

2 S50 

^Hcrosoraal extract 

1 6 100 

SCO 

0 

‘ — stmema'cnt fraction 

I 1:150 

5600 

5,750 


j 17 COO 



“ extract — CoA 

1 1,600 



‘ exTact — ATP 

250 

1 



Coz'L'Uors cad cdcawocs ziie same cs tiiose for Table I. 


be due to the amount of supernatant fraction adhermg to the micro- 
semes. It was found that prewashmg the microsomes led to inactivity 
xriti: respect to synthesm of HAIG from acetate ATP. and CoA. although 
acmvny with acetyl CoA as subs^te was unimpaired When unwashed 
tmcrcsomes were lysed wuh Versene a preparation capable of mcorporat- 
mg acetate almos^ enclusively mto HAIG was obtained Smce an addition 
cf large amounts of uarticle-free supernatant fraction causes a greater 
propomon of isotone to accumulate m o-hydroxyisovalerate and <S-hydroxy- 
btryra'e. u annoars that the amomt of supernatant fraction adhermg to 
the mlcrcsomal nellet fomirtously provided enough enzyme for the activa- 
nm cf acetate but was stili hmitmg ruth respect to the other enzymes con- 
■J’erting acetyl CoA to p-hydrosyisovalerate and fi-hydroxybutyrate 
These fr-n-nerg are in csxeement with those of Bucher and AIcGarrahan 
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(24) who also found that a supernatant fraction is necessary for acetate 
activation 

When the microsomal fraction was compared with various cellular frac- 
tions, it was found to have the highest activity m the s3mthesis of HMG 
from acetate (Table III) Since the total activity m the rmcrosomal prep- 
aration IS so much larger than that of the original homogenate and the 
other cellular fractions, it is obvious that the sjmthesis of HMG m the 
cruder fractions is either inhibited because of competition for acetyl CoA by 
other pathways, or that HMG is metabolized to other compounds In 
any case it appears that the microsomes contain the highest concentra- 
tion of the enzyme system which synthesizes HMG This observation 


Table III 

Activity* of Various Cellular Fractions of Rat Inver with 
Respect to Incorporation of Acetate into HMG 



Specific 

activity 

Total 
activ ityf 

Whole homogenate 

■1 


Soluble preparation of Rabinowitz-Gurm (6) 

mm 


Supernatant fraction 

HI 


Unwashed lysed microsomal preparation + cysteine 

8000 

hHI 


* A unit of activity is expressed as the counts per minute incorporated into HMG 
per mg of protein when 4 /imoles of Ci^HsCOOH, 3 /imoles of ATP, and 0 3 /umole of 
CoA are incubated under the conditions descnbed in Table I Only the microsomal 
preparation was limiting with respect to cysteine and 10 /imoles of cysteine were 
therefore added The specific activity of the acetate was 1 75 X 10' c p m per 
/nmole 

t Total activity represents the total number of units present in the various frac 
tions as derived from 100 gm of rat liver 

is m agreement with the postulate that HMG or a metabohte thereof might 
be an intermediate in cholesterol synthesis, m view of the establishment of 
the microsomes as the chief site of cholesterol synthesis (24) The un- 
washed microsomal extract from rat hver also utihzed acetyl-C*^ CoA 
and acetyl-C*^ pantetheine for the synthesis of HMG In addition it 
could form HMG from acetoacetate, ATP, and CoA, indicating that an 
acetoacetate-activatmg enzyme is also present (25, 26) 

Nature of 4-Carbon Umt Which Condenses vnth Acetyl CoA — ^The follow- 
ing experiments with labeled acyl CoA denvatives show" that AcAc CoA is 
the 4-carbon compound which reacts with acetyl CoA to form HMG 
The first evidence was obtained when unlabeled acetyl CoA was incu- 
bated wnth labeled acetoacetate and labeled acetyl CoA was incubated wit i 
unlabeled acetoacetate The results are shown in Table IV When an 
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unwashed rat liver niiciosomal extract was incubated with C*‘'-acetoacetate 
and uiilabeled acetyl CoA, theie was no significant increase in the amount 
of C'* incoiporated into HMG above the control values (Tube 1 compared 
to Tube 2) On the other hand, when ATP was present, the incorpora- 


Table IV 

Incorporation of Acctoaceiale and Acetoacetale-C^^ into HMG 
by Rat Liver Microsomal Extract 


Tube 

No 

1 

1 

1 

1 

Total c p m 

HMG 



1 ! 

1 Expcri 
ment 1 

1 

Expen 
ment 2 

1 Expen 
ment 3 

1 

Expen 
ment 4 

Expen 
ment 5 

Expen 
ment 6 

Expen 
ment 7 

1 

3-C'^-Acetoacetate, no addi- 

125 

75 

78 

145 





tion 








2 

3-C*^-Acetoacetate -f- acetyl 



150 

85 





CoA 








3 

3-C*®-Acetoacetate -f acetyl 



1300 

1500 





CoA + ATP 








4 

3-C'^-Acetoacetate -j- ATP 

3000 

1140 

4150 






-f CoA SH 



1 





5 

Acetyl-C'* CoA, no addition 





4000 

2120 

4000 

6 

“ “ -f 10 nmoles 





4400 

2250 

4200 


acetoacetate 





1 

1 


7 

Acetyl-C®‘ CoA + 30 nmoles 





4100 

2750 

4250 


acetoacetate 








8 

Acetyl-C’® CoA -f- 100 





4000 

2240 

4600 


nmoles acetoacetate 









In Experiments 1 and 2 each tube contained 15 /imoles of acetoacetate-C*^ (4 X 10^ 
c p m per /imole), 10 mg of bovine albumin, 15 mg of lyophilized rat liver micro- 
somal extract, 220 ;jmoles of phosphate buffer, pH 7 0, 10 /imoles of Mg++, and 60 
nmoles of nicotinamide Final volume 2 5 ml Incubation 2 5 hours at 37° in air 
In Experiments 3 to 7 each tube contained 8 mg of lyophilized rat liver microsomal 
extract, 10 mg of bovine albumin, 10 nmoles of cysteine, 10 nmoles of Mg++, 220 
nmoles of phosphate buffer, pH 7 0 Tubes 1 to 4 in Experiments 3 and 4 contained 
10 nmoles of acetoacetate-3-C*'‘ (4 X 10< c p m per nmole) Tubes 5 to 8 in Experi- 
ments 5, 6, and 7 contained 0 3 nmole of acetyl-C’^ CoA (carboxyl-labeled) (5 5 
X 10® c p m per nmole) The additions consisted of 0 3 nmole of acetyl CoA, 0 2 
nmole of CoA SH, 2 0 nmoles of ATP, and free acetoacetate as indicated Final 
volume 2 5 ml , incubated in air for 2 hours at 37° 

tion of was greatly stimulated (Tube 3) An even greater incorpora- 
tion was observed with ATP, CoA, and C^^-acetoacetate (Tube 4) When 
acetyl-C*^ CoA was used (Tube 6), there was good incorporation of C*^ 
proving that HMG is synthesized by the system These observations show 
that free acetoacetate is not a substrate for the formation of HMG, since 
m the presence of acetyl CoA no isotope from C^^-acetoacetate was mcor- 
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requiiements for acetyl CoA Since /S-ketothiolase is piesent, the addition 
of AcAc CoA together ivith endogenous CoA SH would form moie acetyl 
CoA Although the final specific activity of the acetyl CoA pool would 
undoubtedly be diluted, the effect of saturating the enzyme system might 
compensate for the dilution and thus more counts would be incorporated 
into HMG The results obtained in Experiment II, Table V, indicate that 
even when the saturation level of acetyl CoA has been reached the addi- 
tion of AcAc CoA again leads to a greater incorporation of isotope The 
activating effect of AcAc CoA is fully explained by assuming that it is the 
reacting substrate and that higher concentrations saturate the condensing 
enzyme enabling it to react more efficiently with acetyl CoA to form 
HMG In effect the /9-ketothiolase reaction which is essential when 
acetyl CoA is the only substrate is now bypassed when sufficient AcAc 
CoA IS present 

The amount of HMG formed is actually greater than that mdicated by 
the amount of C^^ incorporated because of the following factor When 
acetyl-C^'* CoA is the only substrate, 3 carbons of HMG will be labeled 
(1) On the other hand, when acetyl-C^^ CoA and AcAc CoA are the sub- 
strates, a large part of the HMG will have only 1 carbon labeled, ^ e that 
supphed by the labeled acetyl groups of acetyl-C^'* CoA, and in addition the 
acetyl-C^^ CoA pool will be diluted if /3-ketothiolase and free CoA SH are 
present 

Johnston et al (7) working with a flaxseed extract mdicated that free 
acetoacetate rather than AcAc CoA was the 4-carbon substrate for HMG 
synthesis on the following basis They found that the addition of aceto- 
acetate together with ATP and CoA deci eased acetate-C'^ incorpora- 
tion into HMG by 80 per cent, yet the incorporation of acetate into citrate 
was decreased only 20 per cent They reasoned that, if AcAc CoA were 
formed, it would be converted to acetyl CoA and would decrease the in- 
corporation of isotope into citrate to the same extent as that observed for 
HMG Their observation, however, can also be interpreted to mean that 
AcAc CoA IS the substrate, since in the case of citrate the observed dilution 
is directly related to the dilution of the acetyl CoA pool only However, 
in the case of HMG the observed decrease m isotope incorporation is due not 
only to the dilution of the acetyl CoA pool, but also to the dilution of the 
AcAc CoA pool which would be formed from acetoacetate, ATP, and CoA, 
hence, it would be expected that the decrease m radioactivity observed in 
citrate w^ould be much less than that found for HMG 


Conditions might also be conceived in which if the / 3 -ketothiolase were 
present in great excess relative to the HMG-condensing enzyme the addi- 
tion of aeetoacetyl CoA to acetyl-C*^ CoA would tend to reduce the incor- 
poration of isotope into HMG because of the rapid conversion of acetoacetj 
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CoA to acetyl CoA and consequent dilution of the acetyl-C'^ CoA pool 
This IS actuallj’’ observed in preparations of lyophihzed microsomal extracts 
prepared from beef liver piior to ammonium sulfate fractionation (Table 
VI) After purification, however, the reverse is observed and the in- 
creased activity with acetoacetyl CoA is obtained 

The fact that labeled fiee acetoacetate is not incorporated into HMG, 
plus the subsequent observations concerning the effect of AcAc CoA and 
free acetoacetate, offers strong support for the hypothesis that acetyl CoA 
and acetoacetyl CoA are the reacting moieties in the condensation reac- 
tion responsible for HMG synthesis The elucidation of the nature of the 
products of this condensation, t e whether a mono- or di-CoA derivative 


Table VI 

Effect of AcAc CoA with Crude and Purified Extracts of Beef Liver Microsomes 

Total c p m 
I in HMG 


Crude extract -F 1 0 pmole Ac-C^^ CoA 

“ “ -f 1 0 “ “ “ -f- 0 5 /nmole AcAc CoA 

Fraction I -f- 1 0 /nmole Ac-C''* CoA 

“ I -f 1 0 “ “ “ 0 5 jumole AcAc CoA 

“ Il-f 1 0 “ “ 

“ II + 1 0 “ “ " -f- 0 5 pmole AcAc CoA 


480 

300 

163 

200 

81 

400 


The crude extract contained 0 35 mg of protein and refers to the lyophihzed micro- 
somal extract Fraction I contained 0 24 mg of protein and refers to the 0 to 45 per 
cent ammonium sulfate fraction Fraction II contained 0 18 mg of protein and re- 
fers to the calcium phosphate-treated ammonium sulfate fraction Each tube con- 
tained 10 mg of bovine albumin, 220 pmoles of POn buffer, pH 7 0, and 10 /nmoles 
of Mg++ The incubation was for 2 hours at 38° in air The specific activity of the 
acetyl-C” CoA was 5 5 X 10® c p m per /nmole 


of HMG IS formed, must await purification of the condensing enzyme free 
of /3-ketothiolase and other interfermg enzymes Also the relationship of 
the product to subsequent intermediates m the pathway of cholesterol 
biosynthesis requires further investigation 
The evidence m the preceding section that isotope from labeled acetic 
acid can be shifted from fatty acid cycle intermediates (such as /?-hydroxy- 
butyrate) on one hand to presumed steroid precursors HMG and /8-hy- 
droxyisovalerate pomts to the central role played by AcAc CoA in that it is 
the focal point at which fatty acid and steroid metabohsm may be hnked 
Four enzymes may play an important role in determimng the shift of acetyl 
umts from fatty acids to sterols firstly, the ^-ketothiolase and the supply 
of free CoA SH, secondly, the /3-ketoreductase and the supply of reduced 
diphosphopyridme nucleotide (28), thirdly, the HMG-condensing enzyme 
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which serves to initiate the synthesis of branched chain fatty acid inter- 
mediates bj'’ utilizmg acetyl CoA and AcAc CoA, two key intermediates m 
fatty acid metabolism, and, finally, the AcAc CoA deacylase (29) The 
mterplay of all of these enzymes on AcAc CoA would undoubtedly influence 
steroid metabohsm and this point requires further investigation The 
relationship of the reaction of active CO 2 and j8-hydroxyisovaleryl CoA to 
form HMG CoA and the role of the HMG CoA cleavage enzyme of Bach- 
hawat et al (11, 12) to the HMG-condensmg enzyme system is presently 
obscure and awaits fmther work for clarification 

SUMIMABY 

Rat hver and beef hver homogenates and cell-free yeast preparations 
were fractionated by centrifugal techmques and the mcorporation of ace- 
tate-C^^ into j3-hydroxy-)3-methylglutaric acid, /3-hydro\yisovaleric acid, 
and /3-hydro\ybutyric acid by various cellular fractions was determined 
It was found that hver microsomes contain the major part of the enzyme 
system which forms /S-hydroxy-jS-methylglutaric acid The particle-free 
supernatant fraction contained enzyme systems and reduced substrates 
which shifted acetate from /3-hydroxy-|8-methylglutaric and /3-hydroxyiso- 
valeric acids to jS-hydroxybutyric acid formation Extracts of micro- 
somes were prepared which could synthesize /S-hydroxy-jS-methylglutaric 
but not /3-hydroxyisovaleric acid and /3-hydroxybutyric acid With these 
extracts and the use of labeled substrates such as acetyl-C“ coenzyme A 
(CoA), CH3-C^‘’0-CH2C00H, and acetoacetyl CoA it was determined that 
the 4-carbon moiety which condenses with acetyl CoA to form jS-hydroxy- 
)3-methylglutaric acid is acetoacetyl CoA and not free acetoacetate The 
implications of this finding are discussed with reference to sterol and fatty 
acid metabohsm 

The author is grateful to Dr James J Ferguson, Jr , for assistance with 
the beef hver and yeast enzyme preparations and to Mrs Minam Dixon 
for skilled techmcal assistance 
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THE ]\IETABOLIC REDUCTION OF ORGANIC NITRO GROUPS* 
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(Received for publication, December 10, 1956) 

The reduction of organic mtro groups is a well known metabohe reac- 
tion, but the nature of the enzymes effecting this reaction is unknown 
Westfall reported (1) that hver, kidney, and heart are most active m the 
reduction of trinitrotoluene, and that a succimc dehydrogenase prepara- 
tion from beef heart is capable of effecting this reaction (2) However, 
Buedmg and Jolhffe (3) found that succinic dehydrogenase could not 
catalyze this reaction directly, they postulated that such substrates as 
sucemate, lactate, and malate regenerated DPNH,^ which in turn reduced 
trmitrotoluene catalytically through a flavoprotem Purified xanthine 
oxidase can reduce orgamc mtro groups (3-5) as well as inorgamc mtrate 
(6, 7), hver xanthine oxidase (5) reduced mtrophenols with DPNH as 
electron donor 

Smee xanthine oxidase is a molybdenum-containmg enzyme and since 
other enzymes capable of reducing mtrate contam Mo (7), the purpose of 
the present study was to assess the role of Mo enzjones m the reduction of 
orgamc mtro groups This was done by the admimstration of tungstate 
as a means of removmg Mo and Mo enzymes from the tissues (8) The 
specificity of the tungstate effect was controlled by overconung it with di- 
etary molybdate In this way it has been shown that most, if not all, of 
the enzymes m rat tissues capable of reduemg the mtro group of p-mtro- 
benzene suffonamide are Mo-dependent enzymes From additional frac- 
tionation and substrate studies it is also evident that ammal tissues contain 
a number of different enzymes capable of reduemg orgamc mtro groups and 
that any one system exhibits some specificity toward different mtro sub- 
strates 

* This study was aided by grants from the National Institute of Arthritis and 
Metabolic Diseases of the National Institutes of Health, Public Health Service 
(No PHS A-586), and the Amencan Cancer Society, upon recommendation of the 
Committee on Growth of the National Research Council 

t Present address. Department of Biochemistry, Medical College of Virgima, 
Richmond, Virginia 

^ The following abbreviations are used DPN, diphosphopyndme nucleotide, 
DPNH, reduced DPN, TPNH, reduced tnphosphopyridine nucleotide, pNBSA, 
p-mtrobenzene sulfonamide, FAD, flavin adenine dinucleotide, FMN, flavin mono- 
nucleotide, Mo, molybdenum, W, tungsten 
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Microorganisms are also capable of reducmg orgamc mtro compounds 
(9-12) However, the system in Aspergillus niger which reduces pNBSA 
was found to be mdependent of Mo 

Methods 

In Vivo — ^Normal adult lats previously mamtamed on chow were fed a 
purified 24 per cent casern diet (13), modified as follows, for 2 to 4 weeks 
(1) 24 pel cent Labco casein (as previously described), (2) 24 per cent 
casern plus 72 mg of Na2W04 per kilo, (3) 24 per cent casern plus 72 mg 
of Na2W04 per kilo + 50 mg of Na2Mo04 2H2O per kilo, (4) 0 per cent 
protem, the casern bemg replaced with glucose At an average of 22 or 
25 days, each rat was placed m an mdividual metabohsm cage and three 
24 hour urine samples were collected under toluene The first was a con- 
trol sample which provided an estimation of naturally occurrmg diazotiz- 
able substances in rat urme (these were appreciably lower on the protein- 
free diet) , the second was collected after a suspension of 10 mg of pNBSA 
m 5 ml of H2O was given each rat by stomach tube, and the third 24 hour 
urme sample was collected durmg the period of 24 to 48 hours after the 
pNBSA administration Each specimen of urme was analyzed for free 
and total sulfamlarmde by the Bratton and Marshall procedure (14) , the 
unchanged mtro compound was determmed by the zmc reduction pro- 
cedure of Flynn and Kohl (15) The correspondmg values for the control 
urme were subtracted from each of the experimental samples, and from 
these corrected figures the data were calculated as (o) per cent of total 
excretory products m the reduced form as sulfamlaimde and as (6) per cent 
of the sulfamlaimde excreted free and acetylated 

In Vitro — ^At the conclusion of the m mvo studies, each rat was killed and 
the hver was analyzed for xanthine oxidase (16) and for its abihty to reduce 
p-mtrobenzene sulfonamide in vitro The same liver homogenate, prepared 
with 5 volumes of 0 04 M phosphate buffer, pH 7 4, was used m both de 
terimnations 4 ml of the homogenate were placed in the body of a Thun- 
berg tube, 1 ml of a solution contaimng 1 mg of pNBSA m 0 1 m phosphate 
buffer, pH 7 5, was placed m the side arm After bemg evacuated, filled 
with N2, and eqmhbrated at 37 5°, the solutions were mixed and incubated 
for either 15 or 30 imnutes In some cases, purified milk xanthme oxidase 
or Na2Mo04 was added to additional aliquots of the hver homogenate, and 
the tubes v ere mcubated for 30 mmutes All reactions were stopped by 
the addition of 5 ml of 10 pei cent trichloroacetic acid, and the centrifuged 
supernatant fluids were analyzed for free sulfamlaimde 

In additional in vitro studies (Series II), the Thunberg tube contained 
0 67 gm of fresli hver (or its eqmvalent) plus 1 mg of pNBSA and addi- 
tional factors m a total volume of 5 ml of buffered solution, the tube vas 
mcubated anaerobically for 30 imnutes at 37 5°, and free sulfamlaimde was 
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detemnned on a trichloroacetic acid filtrate As indicated under “Re- 
sults,” 3 3 mg of DPNII oi TPNH, 0 15 ml of 1 m succinate, 0 05 m hypo- 
\antlune, 3 m acetaldehyde, or 1 ml of 0 01 m glutathione was added to 
the tubes In some experiments, the hver homogenate was centrifuged m 
a Spmco preparative ultracentrifuge (rotor No 40) at 40,000 r p m for 
30 minutes The supernatant fraction was tested diiectly The pre- 
cipitate was suspended m buffer, centrifuged agam for 30 rmnutes, and re- 
suspended in fresh buffer before being tested In comparing the effects 
of various diets, the precipitate was fortified with 6 4 mg of DPNH as the 


Table I 

Effect of Tungstate Feeding and Protein Depletion for 22 Days on Reduction 
in Vivo and in Vitro of p-Nitrohenzene Sulfonamide 


Diet 

No of 
rata 

Body 

weight, 

gm 

24 hr urinary cTcretions after 
10 mg 1>NBSA 

Reduction tn 
mtro of fNBSA, 
7 amine 
formed per 
667 mg liver 

Liver xanthine 
oxidase deter- 
mination, 
c mm Os 
per 20 mm 
per 282 mg 

Total NO* 
+ NHi 
com 
pounds, 
mg 

Per cent 
reduced 

Per cent 
sulfanila- 
mide free 

15 mm 

30mm 

Chow 

11 

361 

5 39* 

83 3 

14 5 

173 


31 





±2 3 

±0 6 

±6 5 

±6 2 

±2 0 

24% casein 

5 

223 

5 21 

77 9 

16 7 

136 

232 

25 




±0 46 


±0 7 

±5 5 

mm 

±1 1 

Tungstate 

5 

185 

4 27 

65 9 

23 2 

32 


0 






±1 0 

±4 9 

±9 5 


“ + Mo 

8 

298 

4 97 

76 5 

17 5 

159 

267 

20 





±2 1 

±1 0 



±1 6 

0% protein 

3 

99 

4 47 

62 2 

20 0 

49 

86 

0 





±5 2 

±1 6 

±5 6 

±8 7 


0% » 

3 

99 





197 

21 







±8 5 


±5 8 


* Mean ± standard error 


electron donor substrate Concentrated hver homogenates were dialyzed 
for 24 hours m the cold against several changes of phosphate buffer con- 
taining 1 X 10~* M cysteme The dialyzed preparation was tested with 
and without the above substrates Whole heart homogenates were tested 
directly without supplementation 


Results 

In Vivo — The urmary excretions durmg the first 24 hours after pNBSA 
■was given are shown m Table I The total urinary metabohtes (mtro plus 
ammo compounds) amoimted to about 5 mg , of which approximately 80 
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per cent was m the reduced foim for the normal rats fed chow oi a purified 
24 per cent casein diet Rats on the tungstate and zero protein diets ex- 
creted only 62 to 66 per cent of the urinary metabolites in the reduced form 
Dietary molybdate largely reversed the metabolic defect produced by 
tungstate, and allowed over 75 per cent reduction of the excretory prod- 
ucts 

The 24 to 48 hour urmary metabohtes were not particularly mformative 
since over 90 per cent of the total was in the reduced form and 86 to 90 
per cent was acetylated in all groups The chow-fed rats excreted approxi- 
mately 0 3 mg of the total products, or 6 per cent of the first 24 hour ex- 
cretion The 24 per cent casein and tungstate plus molybdate groups 
excreted a corresponding 13 per cent, whereas the tungstate and protem- 
deficient groups excreted 17 per cent 

The tungstate-fed and protein-depleted rats acetylated only 77 to 80 
per cent of the sulfanilanude formed by this reduction, while the rats on 
the other diets acetylated 82 to 85 per cent This suggested a possible 
defect in the acetylation reaction as well as in the reduction of the nitro 
group as a result of feeding tungstate Additional studies were therefore 
conducted m which both sulfanilamide and pNBSA were fed to the same 
rats at different times The results shown in Table II were comparable 
with Series I inasmuch as the tungstate-fed rats excreted only 62 per 
cent of the urmary metabohtes in the reduced form as compared wtli 
80 per cent for the chow and 70 per cent for tungstate plus molybdate 
diets The amount of the reduction product which was acetylated was 
again 83 per cent for the control rats and only 76 per cent for the tungstate- 
fed rats However, when sulfanilanude itself was adimmstered, all three 
dietary groups excreted about 80 per cent of the administered dose and 
acetylated approximately 60 per cent of the urinary products Hence 
tungstate feeding had no effect on the acetylation reaction itself, and the 
effect observed m both pNBSA experiments must be related indirectly to 
the effect of tungstate on the reduction reaction 

In Vitro — The results of the in vitro studies are also showm in Tables 
I to HI While the chow-fed rats had a liver xanthine oxidase of 31 and 
formed 300 7 of sulfamlaimde from the mtro analogue in 30 minutes, the 
tungstate-fed rats had no hver xanthine oxidase by the usual manometric 
deterrmnations- and formed only 60 7 of the amine Addition of molyb- 
date to the tungstate diet restored the hver xanthine oxidase to 20 and the 
amine formation to 267 The protein-depleted rats were grouped into 
those with no hver xanthine oxidase forming 86 7 of amine and those 
retaimng an average of 21 for hver xanthine oxidase and fornung 19/7 

- Small amounts of xanthine oxidase can be demonstrated in such livers hy measur- 
ing allantoin production 
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of amine The addition of 100 y of Mo (as Na2Mo04) to the Thunberg 
tube had no effect (±5 per cent) on the reduction in vitro of the nitro 
group bj'^ an3'^ of these hveis, and did not restore the xanthine oxidase 
activity of the hvers in the tungstate or protein-depleted groups 

Puiified milk xanthine oxidase plus 0 15 ml of 0 05 m xanthine or hy- 
poxanthine, instead of liver homogenate, in the anaerobic Thunberg pro- 
cedure pioduced very httle sulfanilamide An amount of rmlk xanthme 


Table II 

Effect of Feeding Tungstate or Tungstate Plus Molybdate Diet for 84 Days on Reduction 
in Vivo and Acetylation of 10 Mg of Oral Dose of p-Nitrobemene Sulfonamide or 
Sulfanilamide and on Reduction in Vitro of pNBSA by Liver and 
Heart Homogenates 


Diet 

Body weight 

Liver xanthme oxidase 

Urine excretion after 10 mg orally 

Reduction tn vitro of i>NBSAt 

p Nitrobenzene 
sulfonamide I 

Sulfanilamide 

Liver, 0 67 gm 

0 5 gm 
heart 
ho- 
mog- 
enate 

Total 

NHi4- 

NO. 

Re 

duced 

Sul 

fanil 

amide 

free 

Total 
sulfanil ' 
amide 

Free 

Ho 

mog- 

enate 

Super- 

natant 

solu 

tion 

Ppt -t- 
DPNH 




ffiS 

per cent 

per cent 

mg 

per cent 





Chow 

218 

29 

4 89» 

79 5* 

16 8* 

7 48* 


333 


76 

63 




±0 14 

±1 3 

±1 4 


±2 3 

±9 

d=7 

±4 

d=4 

Tungstate 

wBl 

0 

4 95 

61 9 

24 4 


41 1* 

65 

34 

22 

23 





±2 1 

±1 0 

eflHlIa 

±1 4 

±4 

±3 

±3 

±3 

“ + 



1 









molybdate 

206 

26 

4 61 

69 8 

17 6 

8 71* 

41 5* 

271 

86 

56 

35 






±0 8 


±1 3 

±7 

±6 

±5 

±3 


* Mean ± standard error for eleven or twelve rats, all the others are mean ± stand- 
ard error for five or six rats 

t Recorded as micrograms of sulfanilamide formed from 1 mg of pNBSA in 30 
minutes 


oxidase, which utihzed 65 to 85 c mm of O2 per 20 minutes m the mano- 
metric assay, formed only 5 or 6 7 of sulfamlaimde from an original 1000 
7 of pNBSA m 30 minutes When added to the hver homogenate in vitro, 
an amount of milk xanthine oxidase which restored the hver xanthine oxi- 
dase of tungstate-fed or protein-depleted rats to the control level of 25 to 
30 restored the mtro-reducing activity from 60 to approximately 100 
(micrograms of sulfamlaimde formed per 30 minutes per 0 67 gm of hver) 
When the mtro-reducing activity of the hver was high (230 to 300 7), the 
addition of milk xanthme oxidase in vitro actually depressed this reduction 
about 15 per cent Whether pNBSA ivas reduced to an intermediate sub- 
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stance by the purified xanthine oxidase was not determined However, 
little sulfanilamide was formed by this enzyme even in the presence of a 
crude homogenate 

A crude preparation of rat hver xanthine oxidase was made by high speed 
centrifugation of a homogenate to remove particulate matter and by pre- 
cipitating the enzyme from the supernatant fluid between 30 and 60 per 
cent saturated ammomum sulfate An amount of this preparation winch 
gave an O 2 uptake of 50 c mm in 10 minutes with hypoxanthme substrate 
formed the f oUowmg amounts of sulfanilanude, in rmcrograms, from pNBSA 
durmg 30 nunute anaerobic mcubation no substrate 3, succinate 3, TPNH 


Table HI 

Reduction in Vitro of pNBSA by Rat Inver Homogenates (Centrifuged 
or Dialyzed) Fortified with Various Substrates 



Normal rat hver, chow diet 

Whole hver homogenate dialyzed 

24 hrs 

Whole- 1 
homog 
enate 

Super- i 

natant 

solution 

Ppt 

Chow diet 

Tungstate 

diet 

Tungstate 
-p molyb 
date diet 

Original homogenate 

283 

109 

16 

348 

44 

293 

Dialyzed “ 




149 

35 

65 

-f DPNH 

317 

141 

103 

329 

76 

219 

+ TPNH 

300 

217 

144 

303 

116 

201 

-f succinate 

289 

98 

1 31 

147 

36 

70 

-p hypoxanthme 

234 (1) 

104 

10 (3) 

126 

33 

68 

-P acetaldehyde 



12 (4) 

198 

57 

140 


Recorded as micrograms of sulfanilamide formed from 1 mg of pNBSA m 30 min- 
utes incubation with 0 67 gm of fresh liver homogenate or its eqmvalent of centri- 
fuged supernatant fluid or precipitate The corresponding values in the presence 
of glutathione were (1) 292, (2) 240, (3) 17, and (4) 25 

25, DPNH 55, hypoxanthme 50, acetaldehyde 117, DPNH plus hypoxan- 
thme 91 Liver xanthine oxidase was therefore capable of reducing pNBSA 
wnth hypoxanthme substrate, but other enzymes active in this reaction 
might also be present m this preparation, the major reducing activity v as 
not associated with the xanthine oxidase fraction 

Table III shows the effect of fortifying the hver homogenate with various 
potential substrates for the reduction of pNBSA The original whole 
homogenate contained enough substrates so that only small effects were 
observed from additional electron donors When separated into superna- 
tant and precipitate fractions by centrifugation, the sum of the two indi- 
vidual actmties was appreciably less than the original This suggested a 
synergistic action between enzymes m the particulate and soluble fractions 
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ID the 1 eduction of tins oiganic mtio gioup by the whole homogenate 
■\^^ieu the supernatant and piecipitate fi actions weie recombined, three- 
f oui ths of the 01 igmal activity was restoi ed The addition of boiled supei - 
natant fluid to the precipitate fi action gave only slightly more activity 
than the piecipitate alone Both the supernatant and precipitate fac- 
tions utilized DPNH and TPNH as substrates for this reduction Added 
succinate and hypoxan thine weie i datively ineffective with all fractions, 
whereas acetaldehj’-de inhibited the whole homogenate and stimulated the 
supernatant fraction Added glutathione geneially increased the reduc- 
tion by all fi actions with all substrates slightly (approximately 10 per cent), 
but was most impressive in ovei coming the inhibition of the whole homog- 
enate and precipitate fraction by hypoxanthme and acetaldehyde 

Dialysis of the noimal hver homogenate fiom chow-fed rats decreased 
its abihty to i educe pNBSA by over one-half The activity of the dialyzed 
preparation was lestoied almost to normal by DPNH or TPNH and was 
restored partially by acetaldehyde, succinate and hypoxanthme were with- 
out effect, citrate plus oxidized TPN, and to a lesser degree succinate plus 
TPN, were good electron donor substrates foi this dialyzed hver homog- 
enate The dialyzed liver homogenate from tungstate-fed rats was much 
less active than normal, but responded to the various substiates in a similar 
maimer Tungstate feeding did not appear to remove the activity of the 
hver toward pNBSA in a selective manner in so far as these substrates were 
concerned 

The effect of tungstate feeding on the reduction of pNBSA by the super- 
natant and particulate fractions of hver is shown m Table II The activity 
of both fractions was decreased comparably, but the syneigistic effect of 
combimng the two fractions, which was evident m both chow-fed and tung- 
state plus molybdate-fed rat liveis, was much less impressive m tungstate- 
fed rats Tungstate feeding also decreased the abihty of heart homog- 
enate to reduce pNBSA 

Other Species — ^Table IV shows the comparative reduction of pNBSA 
by several hver homogenates and their correspondmg centrifugates when 
all were supplemented with DPNH Not only did pigeon hver have an 
unusually high percentage of this activity locahzed m the sedimented par- 
ticulate fraction, but a siimlar distribution and 85 per cent as much activity 
were obtamed when either TPNH or acetaldehyde replaced DPNH as 
the electron donor substrate By contrast, the soluble supernatant frac- 
tion of beef hver contained the bulk of this activity with either DPNH or 
acetaldehyde substrates, the latter gave about 75 per cent as much activity 
as the former, while h 3 rpoxanthme was only one-fourth as active 

The enzyme m the msoluble fraction of chicken hver was fractionated by 
digestmg the high speed centrifuged piecipitate with Pangestm, precipitat- 



386 


ORGANIC NITRO GROUPS 


ing the hberated enz3Tne with acetone, adsorbing an aqueous solution on 
Ca3(P04)2 gel, eluting it with 10 pei cent saturated (NH4)2S04, and pre- 
cipitating it ivith saturated (NH4)2S04 This eiizjune piepaiation was 
lelatively specific for DPNH substiate in the reduction of pNBSA, since 
little activity was obtained ivith TPNH, acetaldehyde, hypoxanthine, oi 
succinate 

Comparative Reduction of S ,4-Dinitrophenol — comparison of the rela- 
tive rates of reduction of 2,4-dimtrophenol and p-mtrobenzene sulfonamide 
by hvers from different species clearly indicated that different enzymes 
were involved The reaction with 2,4-dimtrophenol was studied by 
incubating under nitrogen 4 ml of a phosphate buffer solution, pH 7 4, 
contaimng 1 ml of a 1 3 liver homogenate, with 320 y of 2,4-dmitrophenol 
and 2 5 /imoles of DPNH or 5 jumoles of hypoxanthine for 30 minutes at 
37 5° After deproteimzation with Na2W04 and H2SO4, 2 ml of the filtrate 

Table IV 


Reduction of pNBSA by Various Liver Fractions when Supplemented with DPNH 
The recorded values are in micrograms of sulfanilamide formed per gm of original 
liver in 30 minutes 


Liver 

1 

Onginal homogenate 

Supernatant solution 

Ppt 

Rat 

476 

212 

155 

Beef 

603 

373 

124 

Chicken 

568 

286 

237 

Pigeon 

344 

65 

246 


were mixed with 1 ml of 0 5 m Na3P04 and the optical density was measured 
at 400 mp The difference between the density of the incubated solution 
and a comparable non-incubated control was a measure of the amount of 
2,4-dimtrophenol reduced, a change of 0 1 optical density unit was equiva- 
lent to 4 73 7 of 2 , 4-dimtrophenol per 3 ml 

Table V shows the comparative rates of reduction of 2,4-dinitrophenol 
and pNBSA by different tissue homogenates with added DPNH Eat and 
chicken liver reduced both compounds weU, but pigeon hver and beef 
kidney were much more effective with pNBSA than with 2,4-dinitrophenol 
Similar, but less marked, differences Avere observed with rat and beef heart 
Rat and chicken hvers had the highest activity with 2,4-dimtrophenol and 
also contained the highest levels of xanthme oxidase or dehydrogenase 
Since 2,4-dimtrophenol can be reduced by liver xanthme oxidase by use 0 
DPNH substrate (5), some of the higher activity of these tissues can prob- 
ably be attributed to the presence of the xanthme enzyme However, 
smce heart muscle does not contam xanthme oxidase and is able to reduce 
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2,4-dinitiophenol, one or moie additional enzymes also catalyze this 
leaction 

When chicken hvei was fiactionated (17) to puiify the xanthine dehy- 
drogenase and when 2 5 mmoles of DPNH were used as the substrate, the 
abihty to foim sulfanilamide from pNBSA was lost rapidly, while the abihty 
to 1 educe 2, 4-dimtrophenol was retained with the xanthine dehydrogenase 
activity during the early purification steps 90 per cent of the activity of 
the original liver homogenate toward pNBSA was lost m the imtial 56° 
heating step, while two-thirds of the activity toward 2,4-dmitrophenol was 
retained Since the abihty to reduce 2,4-dimtrophenol practically dis- 
appeared when this enzyme preparation was treated with Pangestin, while 
the xantlune dehydrogenase activity was retained, either an enzyme other 


Table V 

Coni'paraiive Reduction of 8 ,4-Dimtrophenol and p-Nitrobenzene Sulfonamide 
by Different Tissues with Added DPNH in SO Minutes 


Tissue 

Species 

2,4 Dinitrophenol 

/.NBSA 

Reduced per 
gm tissue 

Sulfanilamide 
formed per gm 
tissue 



y 

y 

Liver 

Rat 

298 

450 


Chicken 

326 

420 


Pigeon 

24 

344 

Kidney 

Beef 

15 

104 

Heart 

Rat 

116 

121 


Beef 

68 

122 


than xanthine dehydrogenase was responsible for the reduction of 2,4-di- 
mtrophenol or the activities of the native xanthine dehydrogenase were 
altered by this digestion step 

Aspergillus mger — ^The reduction of p-mtrobenzene sulfonamide to sul- 
famlamide by a preparation of A mger was carried out anaerobically at 
37 5° for 30 minutes under the conditions previously described for hver 
homogenates A mger was grown as surface cultures on hqmd media for 
4 to 6 days at 30° Before sporulation, the mycehal felt was harvested, 
blotted, frozen for 3 hours, and homogemzed with 3 times its weight of 
cold 01 m K 2HPO4 For the preparation of acetone powders, the frozen 
tissue was homogenized with 10 times its weight of cold acetone m a Waring 
blendor, washed with acetone and peroxide-free ether, and dried under a 
vacuum For assay, the acetone powders were homogemzed with 20 ml of 
cold 0 1 m K 2HPO4 per gm of powder At least 90 per cent of the origmal 
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activity of the acetone powder was letained foi 1 month when stoied in 
the freezer 

A mger was grown on thiee diffeient media (a) the KNO3 medium of 
Nicholas (18), (&) the same medium but contaimng 4 gm per liter of 
NH4NO3 m place of the 5 gm of ICNOs, and (c) the same as (&) but also 
contaimng 10 7 per ml of tungsten (as Na 2 W 04 ) Since the media were 
not especially purified to remove Mo, all three culture solutions contained 
adequate molybdenum foi maximal growth on a mtrate medium (19) 
The amount of W m (c) was sufficient to prevent growth on a ICNOj 
medium, and it decreased the growth by about one-half on the NH4NO3 
medium Grovdih was less abundant on KNO3, and 6 days were reqmred 
to produce a weight comparable to that obtained on the W-free NH4NO3 
culture in 4 days 

When the mold was grown on a KINO3 medium, 4 ml of a 1 4 mycehal 
homogenate formed the eqmvalent of 33 7 of sulfamlamide per gm of fresh 
mycelium per 30 mmutes Supplementation with 0 06 mg of FAD or 
3 2 mg of TPNH gave 43 and 89 7 of sulfanilamide, respectively, while the 
two together yielded 163 7 DPNH was only 50 to 60 per cent effective as 
TPNH, FMN was 80 per cent as effective as an equal weight of PAD m 
the system With FAD- and TPNH-supplemented systems, the mycehal 
homogenate prepared from the mold grown on the NH4NO3 medium gave 
222 7 of sulfanilanude, tungstate added to the NH4NO3 medium did not 
suppress this reaction, since such a mycehal homogenate formed 258 7 
of sulfanilamide When the NH4NO3 medium was freed of Mo (18), 
the activity of the FMN plus the TPNH-supplemented mat was un- 
changed (219 7 of sulfanilamide) , the addition of 2 7 of W (as Na 2 W 04 ) 
per 60 ml of the Mo-free NH4NO3 growth medium ( 20 ) was also without a 
major effect, since the mat formed 196 7 of sulfamlamide There was no 
nitro-reducing activity m the filtrates 01 any of the culture media 

Acetone powders of the mycehal mat grown on an unpurified NH4NO3 
medium formed approximately 120 7 of sulfamlamide per 30 minutes per 
gm of fresh tissue (190 mg of dry powder) when supplemented with FMN 
alone Added DPNH did not stimulate this activity appreciably but 
restored about 50 per cent of the origmal value when added to a dialyzed 
preparation contaimng FMN Table AT shows the effect of adding various 
substances to the unsupplemented acetone powder homogenate Ferrous 
10 ns stimulated the reaction and overcame the inhibition by cyanide or 
Versene 8 -Hydroxyqmnohne was without effect in the presence or ab- 
sence of ferrous 10 ns Cysteine and glutathione stimulated the reaction 
with or without ferrous 10 ns Manganous 10 ns were without effect, while 
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Zn++ and Cu++ inhibited the activity approximately 50 and 100 per cent, 
respectively About 75 per cent of the activity of the acetone powder 
could be extracted with 0 1m K2HPO4 
Since no inhibition was caused by the absence of Mo, with or without 
W in the giowth medium, it seems clear that the reduction of pNBSA to 
sulfanilanude by A mger does not involve a Mo-contaimng enz 3 rme and 
IS therefoie different from nitrate reductase The stimulation by ferrous 
10 ns and the utilization of the pyridine nucleotides as substiates suggest an 
iron-flavoprotem enzyme as the active mediator of this reaction 


Table VI 

Effect of Ferrous Ions and Other Substances on Activity of A mger 
Acetone Powder in Reduction of pNBSA to Sulfanilamide 


1 

Additions 


+Fe++ 

None 

90 

123 

8-Hydroxyqumoline 

95 

123 

KCN 

57 

130 

Versene (ethylenedianunetetraacetate) 

60 

201 

Cysteine 

139 

228 

Glutathione 

144 

160 


Each Thunberg vessel contained 4 ml of a 1 21 acetone powder homogenate plus 
1 mg of pNBSA in a total volume of 5 6 ml 0 02 mmole of each listed substance 
was added, except that 0 2 ml of saturated 8-hydroxyquinoline was used, and the 
Ee++ was increased to 0 04 mmole in the KCN and Versene experiments The results 
are recorded as micrograms of sulfanilamide formed per 190 mg of acetone powder 
(»1 gm of fresh mycelium) per 30 minutes 

DISCUSSION 

It IS evident from these results that a number of enzymes are capable of 
reduemg orgamc mtro groups, and that different systems exhibit some 
specificity toward different mtro substrates While rat fiver xanthme 
oxidase is one of the enzymes capable of reduemg pNBSA, it does not 
appear to be primarily responsible for this reaction in the fiver homogenate 
Enzymes located in both the soluble supernatant and particulate fractions 
which utihze the reduced pyridine nucleotides as substrates seem to be of 
greater importance in this reduction Xanthme oxidase can also use the 
pyridme nucleotides and acetaldehyde as substrates, but this enzyme is 
not present m the particulate fraction and cannot be responsible for all of 
the activities with these substrates in the dialyzed homogenate or superna- 
tant fraction The various activities m rat fiver toward pNBSA were all 
affected to about the same degree by tungstate feeding and are presumably 
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Mo-contaimng enzymes However, Mo is not reqmred for the reduction 
of organic mtro groups since the enzyme m A mger is independent of Mo 
and W 

Depleting the rat hver enzymes by tungstate feeding had much less 
effect on the reduction of pNBSA %n mvo than in vitro This result was 
similar to that of previous experiments in which xanthine oxidase was re- 
moved almost completely from the hver by a low protein diet (21) or by 
tungstate feedmg (8), without any effect being evident on the unc acid 
and allantoin excretion in the intact rat 

SUMMARY 

Feedmg Na 2 W 04 (72 mg per kilo of diet) to rats for 3 to 4 weeks to re- 
move xanthine oxidase and other molybdenum-containing enzymes from 
the tissues decreased the abihty of the hver homogenate to reduce p-nitro- 
benzene sulfonamide (pNBSA) by 80 per cent or more, this defect was pie- 
vented by including 50 mg of Na 2 Mo 04 per kilo m the diet A protein- 
free diet also removed xanthine oxidase from the hver and markedly 
decreased its abihty to reduce pNBSA 

After an oral dose of pNBSA, 80 per cent of the urinary metabohtes were 
in the reduced form when the diet was adequate, but only 62 to 66 per cent 
was reduced when the diet contamed tungstate Tungstate feeding did not 
interfere wuth the acetylation of suKamlanude when the latter was admin- 
istered as such 

Milk xanthine oxidase was inactive m the reduction of pNBSA and did 
not restore the activity in vitro of a Mo-depleted hver homogenate A 
crude rat hver extract containing xanthine oxidase reduced pNBSA with 
acetaldehyde, hypoxanthine, and reduced diphosphopyridine nucleotide 
(DPNH) or triphosphopyridine nucleotide (TPNH) substrates, but the 
activity of this enzyme was too small to account for the reducing abihty 
of the original homogenate 

Centrifugation of a normal rat hver homogenate at 40,000 r p m for 30 
imnutes yielded a precipitate fraction which utihzed DPNH and TPNH 
m the reduction of pNBSA, but was relatively inactive with hypoxanthine, 
acetaldehyde, or succinate substrates The supernatant fraction was 
stimulated by DPNH, TPNH, and acetaldehyde but not by hypoxanthine 
or succinate, and sinular results were obtained when the whole hver homog- 
enate was dialyzed before testmg Tungstate feedmg did not ehcit a dif- 
ferential response in these tests, since all activities were decreased propor- 
tionately 

80 per cent of the activity toward pNBSA in pigeon liver was present m 
the high speed sedimented particulate fraction, and DPNH, TPNH, or 
acetaldehyde could be utilized as electron donor substrates An enzyme 
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prepaied from the insoluble sedimented fraction of chicken liver was lela- 
tively specific for DPNH The soluble supernatant fraction of beef liver 
contained thiee-fouiths of the total activity and utilized DPNH, acetalde- 
hyde, and, to a lessei degree, hypoxanthine substrates 
Rat and chicken livers reduced both pNBSA and 2,4-dinitrophenol 
satisfactoiily, but pigeon and beef hvers were much more effective with 
pNBSA than with 2,4-dinitrophenol In the purification of chicken hver 
xanthine dehj’-drogenase, the abihty of the preparation to form sulfanilamide 
from pNBSA was lost in the initial heating to 56°, whereas the abihty to 
reduce 2,4-dmitiophenol was not lost until digested with Pangestm 
The reduction of pNBSA by Aspergillus mger was independent of Mo or 
W in the groAvth medium Ferrous ions stimulated the reaction and over- 
came the inhibition by cyanide or Versene, reduced pyridine nucleotides 
were utilized as substrates 
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iY-FORMYLCYSTEINE SYNTHESIS IN MITOCHONDRIA 
FROM FORMALDEHYDE AND l-CYSTEINE VIA 
THIAZOLIDINECARBOXYLIC ACID* 
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(.From the Department of Biochemistry, University of Colorado School of Medicine, 
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In the course of the studies in this laboratoiy on 1-carbon compounds, 
it was found that the accumulation of formaldehyde m the oxidative de- 
methylation of sarcosine b}’- mitochondria was eliminated m the presence 
of L-ej’^steme (1) VTien C 3 fsteine alone was added to the mitochondna, 
it was oxidized with an ox 3 '-gen uptake of 1 patom per pmole,^ but only 
after a pronounced induction period (Fig 1 ) Upon the addition of an 
equimolar quantit 3 '’ of foimaldehyde to this system, the induction period 
was abohshed and there was a rapid uptake of oxygen However, as 
shown in Fig 1, the total oxygen consumption did not exceed the level 
obtamed with cysteine alone Neveitheless, the added formaldehyde 
disappeared completely (1) When the molar ratio between formaldehyde 
and L-cysteme nas vaned, the oxygen consumption was determined by 
the level of cysteme (Table I) until enough was added to saturate the cys- 
teme oxidase system Then the addition of formaldehyde did increase 
the oxygen consumption by 1 patom per pmole of formaldehyde 

These results suggested that cysteme was being converted through a 
reaction with formaldehyde mto a new and more active substrate Of the 
known cysteine and formaldehyde reaction products, thiazohdinecarbox- 
yhe acid appeared to fit best the quantitative results shown m Table I 
This compound, which was discovered independently by Schubert (2) and 
Ratner and Clarke (3) 20 years ago, is formed at room temperature by the 
insertion of the carbon of formaldehyde between the S and N in a cysteine 
molecule to produce a saturated rmg At pH 5 and above, closure of the 
nng is extremely rapid (3) In view of these considerations, L-thiazohdme- 
4-carboxyhc acid was synthesized and incubated mth mitochondna As 
shown in Fig 1, the rate of oxygen consumption was shghtly faster than 

* This work was supported by a grant (No A969-C4) from the National Institutes 
of Health, United States Public Health Service 

t Present address, Department of Biochemistry, Albany Medical College, Albany, 
New York 

* Despite the oxygen uptake, which is twice that required to oxidize the cysteine 
to cystine, paper chromatography of the reaction mixture gives only a single ninhy- 
dnn spot with the Rf of cystine 
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Pig 1 6 pmoles of each substrate were incubated with the mitochondria from 
0 5 gm of liver in 2 2 ml of 0 075 m potassium phosphate buffer at pH 7 8 Form 
aldehyde alone is not oxidized by mitochondria 

Table I 

Oxidalton of Formaldehyde and L-Cysteine by Mitochondria 


Mitochondria prepared from 0 5 gm of rat liver were washed and suspended in 2 
ml of 0 075 potassium phosphate buffer at pH 7 8 Substrates were added in 0 2 
ml of buffer The incubation was carried out for 2 hours at 37“ in air 


Substrates 

Oi consumption* 

CH:0 recoveredt 

CH 0 

Cysteice 

ixmolts 

limolcs 

mtcrpaloms 

nmoles 

5 3 

0 

0 

4 5 

0 

1 

1 0 

0 

5 3 

1 

0 9 

3 7 

0 

3 

3 0 

0 

5 3 

3 

3 1 

1 5 

0 

6 

6 2 

0 

5 3 

6 

6 2 

0 

0 

12 

7 1 

0 

0 

16 5 

11 5 

0 

5 3 

16 5 

16 9 

0 


* Corrected for the low endogenous value of approximately 6 fil 
t Formaldehj de contained in the trichloroacetic acid filtrate of the reaction nu'^ 
ture An additional 0 8 /imole of formaldehyde was bound by the trichloroacetic 
acid precipitate 
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that pioduced by the consecutive addition of cysteine and formaldehyde 
Moieovei, the total o\ygen uptake was the same in both cases (1) Fi- 
nally, when the imtochondnal oxidation of cysteine plus formaldehyde 
was stopped by heating the reaction mixture, a compound was found which 
possessed the Rf of thiazolidinecarboxylic acid All of these observa- 
tions indicated that the metabohsm of cysteine and formaldehyde in mito- 
chondria proceeded via this compound 
Cheimcal Properties of Metabolite — The reaction mixture resulting from 
the nutochondrial oxidation of L-thiazohdinecarboxyhc acid, or L-cysteme 
plus foimaldehyde, was analyzed for a variety of functional groups Ta- 

Table II 

Analysts for Functional Groups of Substrates and 
of Mitochondrial Incubation Mixture 

Tke supernatant fraction was prepared by beating the incubation nuxture at 90° 
for 10 minutes and then centrifuging it 



— NH»* 

—SR 

Formaldehyde 

Formate 

Free 

Penodatef 

CHjO 



+ 



Cysteine 

+ 

+ 

— 

— 

— 

Thiazolidme-COOH 

+ 

— 

— 

+ 

— 

Supernatant fractionf 

— 

+ 

— 

_ 


Hydrolyzed supernatantf 

+ 

+ 

— 

— 

+ 


* — NHj determined by ninhydrin method 

t The formaldehyde produced by treating the preparation with periodate 

t The same analytical results were obtained whether the substrate was formalde- 
hyde plus cysteine or thiazolidinecarboxylic acid 

ble II summanzes the most mstructive findings, together with the results 
of the same tests on the related substrates which are included for compari- 
son The metabohsm of cysteine and formaldehyde was accompamed by 
the complete disappearance of free aimno groups and formaldehyde Fur- 
thermore, formaldehyde did not appear when the supernatant fraction was 
treated with periodate, a procedure which hberates formaldehyde from 
thiazohdmecarboxyhc acid When the substrate was thiazohdmecarbox- 
yhc acid, its oxidation was accompamed by the generation of sulfhydryl 
groups When the substrates were cysteine and formaldehyde, the suh- 
hydryl groups first disappeared and then, as the oxidation proceeded, re- 
appeared There was no loss of carboxyl groups during the incubation, 
as was shovm by potentiometric titration of the reaction mixture Acidi- 
fying and heating the supernatant fraction produced a compound which 
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possessed free amino groups Its Ur 'W'as the same as that of cystine, or 
cysteine, treated in a siimlai fashion When the acid-hydrolyzed super- 
natant fraction was distilled, the distillate was found to contain formic 
acid 

A single compound which possesses all of the qualities displayed by the 
incubation mixtuie is A^-formyl C3'^steine The observed oxygen uptakes 
(Fig 1 ) agreed vnth the bivalent dehydrogenation reqmred for the con- 
version of cj’-steme plus formaldeh3fde, oi of thiazohdinecarboxyhc acid, 
to this product 

Isolation of Radioactive N ,N'-Diformylcystine from Oxidized Reaction 
Mixture — Since the sulfhydryl groups m the reaction mixture disappeared 
slowty upon standing,- it was decided to oxidize them to the disulfide before 
attempting the isolation of the metabohte In such expenments, both 
ladioformaldehyde plus cysteine and radiothiazohdmecarboxyhc acid were 
incubated wnth the mitochondiia After the oxygen uptake had ceased, 
oxygen was bubbled through the supernatant fraction in the presence of 
cupiic ions until sulfhydryl groups could no longer be detected A'-Di- 

foimylc3’^stme was then isolated by the carrier techmque As shoira in 
Table III, it contained appioxunately 80 per cent® of the incubated C“, 
irrespective of whether this had been added as radioformaldehyde oi as 
radiothiazohdmecarboxyhc acid Radioactive carbon dioxide and ladio- 
formaldehyde could not be detected as leaction products 

E\T.dence that the radioactivity in the earner was due to AjAT'-diformyl- 
C3’^stme, and not to contammation vuth some other radioactive metabohte, 
IS presented m Table IV Recrystalhzation from water and from meth- 
anol did not lower the specific activity When the isolated material was 
h3’’drolyzed with acid, the cystine produced wms devoid of radioactivity, 
all being found m the sodium formate isolated from the hydrolysate 

Identification of Metabolite As N-Formylcysteine — From the evidence 
presented thus fai, it could not be decided with certamty whether all, or 
onl3'’ a small part, of the metabolic product wms AT-formylcysteine, rather 
than A'’ , A^'-diformylcystme Indeed, the possibihty could not be excluded 
that the metabohte was some labile precursor, for example, the dehydro- 
genated thiazohdinecarboxyhc acid, w’’hich was converted to these com- 
pounds dunng the earner isolation To resolve these questions, n-thi- 
azohdmecarbox3’-hc acid was meubated wuth mitochondna, as soon as the 

• There was no apparent diminution in the intensity of the nitroprusside reaction 
2 hours after the supernatant fraction of the incubation mixture had been prepared 
However, it was definitely less after storage in the refrigerator overnight and negative 
at the end of 48 hours 

5 In view of the ease with which the formyl group may be hydrolyzed in acid solu- 
tion, it IS likelj that some loss occurred when the proteins in the incubation mivturc 
were precipitated with trichloroacetic acid 
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oxygen uptake had ceased, iV-ethyl maleimide was added to the incubation 
nuxtuie to tiap anj’’ sulfhydryl compounds present (4) From the chro- 

Table III 

Mctahohsm of L-Radiothiazobdinccarboxyhc Acid and Its Precursors, 
Radioformaldehydc and L-Cysteine, hy Mitochondria 


6 ;imoles of each substrate were incubated Both radioactive compounds con- 
tained 1 8 X 10‘ c p m per /imole, corrected for self-absorption The experimental 
conditions were the same as those given in Table I 


Expenmcnt No 

Substrate 

Oxygen 

consumption 

Isolated 7V,A'’'-difor 
mylcystine* 

1 

C^*HjO -f- cysteine 

vncroatoms 

6 2 

per cent tncubaled C“ 

78 


Radiothiazolidine-COOH 

6 1 

80 


Radiothiazolidine-COOHt 

0 

3 

2 

C‘^H;0 -f cysteine 

5 8 

77 


Radiothiazolidine-COOH 

5 9 

84 


-f cysteinet 

0 5 

1 


* Isolated by the carrier technique after converting the sulfhydryl groups in the 
reaction mixture to the disulfide 

t Incubated with mitochondria previously heated for 10 minutes m a water bath 
at 90° 


Table IV 

Specific Activity and Distribution of in Isolated N ,N' -Diformylcystine 

The compounds are listed in the order of their preparation 


Compound 

C p m per mmole 

V,iV''-Diformylcystme* 

4 4 X 10‘ 

Recrystallized from water 

4 7 X 10‘ 

“ “ methanol 

4 7 X 10< 

Cystine 

0 

Sodium formatef 

2 35 X 10« 


* The V, V'-diformylcystine, isolated from the incubation of radiothiazolidine- 
carboxylic acid and radioformaldehydc plus cysteine (Table III), was pooled and 
mixed with an equal weight of carrier 

t Since each molecule of iV,V'-diformylcystine yields 2 molecules of formic acid 
upon hydrolysis, the specific activity per millimole was reduced by one-half 

matographic analysis m Fig 2, it will be seen that only one spot was ob- 
tained and that tlus spot possessed the Rf of the V-ethyl maleimide deriva- 
tive of V-formylcysteme Furthermore, in the absence of maleimide a 
single spot was again found, this tune with the Rp of free iV-formylcysteine 
Aeration of the incubation inixtuie before chromatography resulted in the 
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disappearance of A'’-fonnylcysteme and the appearance of f^jiV'-difomiyh 
cystine It can be concluded from these experiments that the primary 
end product of the metabohsm of L-thiazohdinecarboxyhc acid by hver 
mitochondria is A^-formylcysteine 

Enzyme Spemficity — The potency and specificity of the L-thiazolidine- 
carboxyhc acid dehydrogenase of nutochondna are shown in Table V 


ORIGIN FRONT 


MITA 

I 1 1 1 1 1 I 1 1 

MiTA + NEM 

c 

TZCA, MITA 

o 

TZCA, MITA + NEM 

ezi 

NFC 

O 

NFC+NEM 


NNDFC 

O 

NNDFC + NEM 

O 

TZCA 


TZCA ♦NEM 

— 1 — 1 — 1 1 I 1 1 1 1 


I 23456789 


Fig 2 Chromatogram of the product of thiazolidinecarboxylic acid metabohsm 
m mitochondria 12 ^moles of substrate were incubated for 2 hours with the raito 
chondria from 0 5 gm of liver in a volume of 2 2 ml of buffer 40 fzJ of the superna 
tant fraction were spotted on Whatman paper No 1 and developed in an ascending 80 
per cent phenol-water system The standards were dissolved in the endogenous 
supernatant fraction Solid lines indicate platinic iodide spots, and broken lines 
ninhydrm spots The faint ninhydrin spots obtained with the endogenous material 
(shown at the top) have been omitted elsewhere for the sake of clarity The foliou 
mg abbreviations have been used, MITA = mitochondria, NEM = iV-ethyl malci 
mide, TZCA = L-thiazolidinecarbo\ylic acid, NFC = iV-formylcysteme, NNDFC = 
jV,iV'-diform 3 dcj stine The N-ethyl maleimide nas added to the whole incubation 
imxture as soon as the oxygen consumption had ceased 

6 pmoles of this substrate saturated the nutochondna isolated from 0 5 
gm of hver Under these conditions the imtial rate of oxygen consump- 
tion ranged from 3 to 4 pi per minute, depending on the preparation The 
enzyme appears to be highly specific for the thiazohdine nng, the intro- 
duction of a methylene carbon to give the next higher homologue, L-l,- 
3-thiazane-4-carboxyhc acid, lesulted in the complete loss of substrate 
activity (5) Likewuse, removal of the carboxyl group from the nng to 
give 1,3-thiazohdine entirely abolished substrate activity Substitution 
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of a metltyl oi propyl radical foi one of the hydrogen atoms at position 2 
1 educed the total oxygen consumption by approximately 75 per cent (Ta- 
ble V) Whethei even this low oxygen consumption was due to L-thiazoh- 
dmecarboxyhc acid dehydiogenase is questionable, since the product of 
the reaction was not an acyl cysteine but free cystine 

Djenkohc acid (6) is not oxidized by the mitochondria Neither is 
A^-formjdcysteine oi NiN'-difoimylcystme metabolized by these parti- 
cles Apparentl}'^ the mitochondrial cysteine oxidase requires a free amino 
gioup for its activity Consequently, sulfhydryl groups, added to mito- 

Table V 

Oxidation of L-Thiazohdtnecarboxylic Acid and Related Compounds by Mitochondria 


The conditions of the experiment are given in Table I Oxygen consumptions are 
the averages obtained from several experiments performed in triplicate 


Substrate 

Quantity 

Oxygen consumption 

L-Thiazolidine-COOH 

fimoUs 

6 

microafoms 

6 4 

<< 

10 

10 0 

it 

12 

11 8 

it 

18 

15 3* 

L-l , 3-Thiazane-COOH 

10 

0 

Thiazolidine 

10 

0 

2-Methylthiazolidine-COOHt 

10 

2 4 

2-Propylthiazolidine-COOHt 

10 

2 4 

A’’-Formyl-L-C 3 '’steine 

6 

0 

A'’,A^'-Diformyl-L-cystine 

3 

0 

Djenkohc acid 

5 

0 


* After 3 hours, the oxygen consumption was 18 microatoms 
t From unpublished experiments of H J DeBey and C G Mackenzie 


chondnal preparations as N-formylcysteine, endure much longer than if 
added as free cysteine 

The supernatant fraction of liver which remains after the removal of 
mitochondria oxidizes thiazohdinecarboxyhc acid either not at all or at a 
very slow rate However, when the compound is incubated with the whole 
homogenate, the 2 hour oxygen uptake is increased by 1 5 patoms for each 
micromole of added thiazohdinecarboxyhc acid 

Pathway of Formaldehyde and Cysteine Metabolism in Mitochondria — In 
view of the experiments reported here, together vnth the studies of Ratner 
and Clarke (3) on the synthesis of thiazohdinecarboxyhc acid, the metabo- 
hsm of foimaldehyde and n-cysteine by hver imtochondna may be formu- 
lated as shown in Pig 3 Formaldehyde, which is hydrated m solution 
(7), condenses rapidly with the sulfhydryl group of cysteine to form the 
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S-methylol compound (3) This compound immediately undergoes nng 
closure to yield L-thiazohdinecarboxyhc acid (2, 3) As indicated in Fig 1, 
the oxidation of n-cysteme bj'’ the cysteine oxidase of rmtochondiia is not 
fast enough to compete effectively with the conversion of cysteine to thi- 
azohdmecarboxyhc acid 

The L-thiazohdinecaiboxj'hc acid is attacked by a specific enzyme, the 
ultimate effect of which is to add 1 atom of oxygen to the compound On 
the basis of our present knowledge of biological oxidations, it seems hkeljf 


H H 

H-C-C-COOH 
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HC=0 
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^ H 
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I I 

S NH;, 

I ^ 

HgCOH 


K 


HgO 




H 


H-C-C-COOH 

S NH 
' / 

C 

H H 


Fig 3 Conversion of formaldehyde and n-cysteine in mitochondria to iV-form 3 'I- 
cysteine via thiazolidinecarboxjdic acid 


that this IS accomphshed by a divalent dehydrogenation to jueld the corre- 
sponding thiazohnecarboxyhc acid, followed by the hydiation of the double 
bond and migiation of an H atom from 0 to S to open the nng and produce 
A’'-form 3 dcysteme Whether either of the latter reactions is enz 3 ^matic 
IS not presently known 

Taken as a whole, this senes of reactions represents the transfer of the 
aldehyde group from S to N with its concomitant dehydrogenation to pro- 
duce the acid The oxidation takes place without any permanent change 
in the oxidation level of the c 3 ’-steme, yet, in a sense, the cysteine has acti- 
vated the aldeh 3 '-de with respect to an enz 3 Tnatic attack m the absence o^ 
added coenz 3 ’mes Thus, these reactions are a model for the oxidation o 
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an aldehyde, whethei the S and N which foim the covalent bonds with it 
aie both on a piotein, both on a coenzyme, or aie divided between the two 
In tins paiticulai instance, the L-cysteine resembles a coenzyme which 
possesses both the S and N Indeed, the cysteine would function as a 
coenzjmie in the oxidation of foimaldehyde if it could be regenerated by 
the hydiolysis of A^’-foimylcysteme 

This hydiolytic reaction appears to occur in the hving animal, for we 
have found that L-thiazohdinecarbo\yhc acid can replace L-cystine as a 
supplement to a low methionine diet Furthermoie, L-thiazohdinecar- 
boxyhc acid, on the basis of its sulfur content, is just as active a source of 
C 3 '-stnie for giowth as is L-cystme itself ^ 

Finallj’-, anothei aspect of thiazohdinecarboxyhc acid metabohsm should 
be mentioned This odoiless crystalline compound represents “frozen” 
sulfhydiyl groups vliich may be liberated inside the cell as a consequence 
of enzymatic activity Since these fiozen suHhydryl groups are not sub- 
ject to ovrdatron to the disulfide form during digestion, absorption, and 
transport, it follows that in detoxification reactions thiazohdmecarboxyhc 
acid could be more effective than cysteine This possibihty has been in- 
vestigated, in collaboration with Dr Julia B Mackenzie, by comparing 
the potency of thiazohdmecarboxyhc acid with that of cysteine in pre- 
venting the massive pleural effusion and death produced in adult rats by 
thiourea (8) It was found that L-thiazohdinecarboxyhc acid was approx- 
imately 5 times more active in this respect than cysteme (9) These 
results indicate the possibihties of a new sulfhydryl therapy based on the 
admmistration of metabohcally generated sulfhydryl groups 

EXPERIMENTAL 

Mitochondria — A modification of the proceduie of Schneider and Hoge- 
boom (10) was employed in which the mitochondria were isolated at a 
relatively low centrifugal foice Chopped hver was suspended m 0 25 m 
sucrose, in a ratio of 1 gm per 1 ml , and the cells were broken in a glass ho- 
mogemzer in a cold room at 1° The homogenate was strained through 
doubled cheesecloth and the volume was measured 1 ml was considered 
to contain 0 5 gm of hvei 0 25 M sucrose was added to increase the vol- 
ume 5-fold, and the nuclei and unbroken cells were lemoved by centrifuging 
at 0° and 1700 r p m foi 5 minutes in an International refrigerated centri- 
fuge with a No 822 head This speed coi responded to a force at the center 
of the centiifuge tubes of 420 X g The supernatant fraction was decanted 
and centrifuged at 2300 X g (4000 r p m ) for 20 minutes, a procedure 
which lemoves most of the mitochondria Although centrifugation for 

^ Unpublished data, H J DeBey and C G Mackenzie 
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an additional 20 minutes will precipitate 10 to 20 per cent of the large 
granules that remain m suspension, m order to save time these were de- 
canted along with the huffy layer The isolated granules, which are spher- 
ical m shape and stain with Janus green, were suspended in 0 075 m potas- 
sium phosphate buffer at pH 7 8 The buffer was introduced slowly at 
first and with constant stirring to prevent agglutination of the particles 
4 ml of buffer were added for each gm of hver The mitochondria were 
then centrifuged for 3 mmutes at 1330 X g (3200 r p m ) , the supernatant 
fraction was removed by decanting, and an equal volume of fresh buffer 
was added This washing procedure was repeated two more tunes, and 
the mitochondria were finally suspended in 4 ml of buffer per gm of hver 
Incubation Procedures — 2 ml of the washed mitochondria were added 


to each Warburg flask wathout the addition of cofactors Substrates were 
added m 0 2 ml of buffer at pH 7 8 Cysteine and formaldehyde were 
placed in opposite side arms and the cysteine was tipped m first The 
center wells of the flasks contained 0 2 ml of 20 per cent KOH 

After the oxygen uptake had ceased, the contents of each Warburg flask 
were transferred to a centrifuge tube together with 2 ml of wash water 
When chromatograms were to be nm, the proteins were precipitated by 
immersing the tubes m a boding water bath for 10 mmutes, otherwise they 
were removed by the addition of an equal volume of 10 per cent tnchloio- 
acetic acid 

Chromatography — Ascending chromatograms were run on Whatman No 
1 paper m an 80 per cent phenol and water system Free aimno com- 
pounds were detected by spraying with mnhydrm, and S compounds were 
located by dipping the paper m a solution of platimc iodide according to 
Toenmes and Kolb (11), after first extracting the paper with acetone-ether 
to remove phenol The latter test was also applied to papers previously 
treated with mnhydrm, thus permitting the location of S and ammo com- 
pounds on the same paper 

A hydrolysate of the protein-free reaction mixture was prepared foi 
chromatography by adding an equal volume of 1 n HCl and heating in a 
boding water bath for 30 minutes The solution was then evaporated to 
dryness at the water pump, resuspended m water, and again dried to re- 
move excess HCl This procedure hydrolyzed the W-formyl bond, but 


did not degrade thiazohdinecarboxyhc acid, cysteine, or cystine 
Analytical Procedures — Formaldehyde was measured m the trichloro- 
acetic acid filtrate of the reaction mixture, both before and after penodate 
oxidation, by the procedure of Fnsell, Meech, and Mackenzie (12) Foi- 
mic acid was determined in the distillate obtained from the acidified incu- 


bation imxture by the method of Benedict and Harrop (13) The nitro 
prusside test for — SH was earned out m a solution of NaHCOa Negative 


tests were always confirmed with 2 n NaOH as the solvent 
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Radiofoimaldehyde and radiocaibon dioxide weie detei mined by meth- 
ods desciibed eailiei (14") Sulfhydiyl compounds weie trapped in the 
incubation muxtuie by the addition of a 0 5 pei cent solution of iV-ethyl 
maleimide (4) 1 5 jumoles of leagent weie added pei miciomole of S 

compound incubated 

Suhstiates — The L-cysteine and the djenkohc acid weie obtained from 
the Nutiitional Biochemicals Corporation The formaldehyde was Mal- 
hnckrodt, analytical leagent formaldehyde solution 

L-Tluazohdine-4-caibo\yhc acid was prepared by a modification of the 
method of Ratnei and Clarke (3) 4 13 mmoles of L-cysteme were dis- 

solved in 3 ml of ail -free water and 0 31 ml of the formaldehyde solution 
mentioned above, contaimng 4 13 mmoles, was added with stirring The 
solution, which became slightly warm, was allowed to cool at room tem- 
perature Crystals of thiazohdinecaiboxyhc acid appeared within 5 imn- 
utes to 2 hours in different pieparations 1 ml of cold 95 per cent alcohol 
was added and the preparation was placed m the refrigerator The next 
mormng the crystals were filtered and dried at the water pump The 
compound was reciystalhzed tmce from boihng water and dried at the 
pump with alcohol and ether The compound contained 10 5 per cent N 
and melted with decomposition at 198-199°, uncorrected 
Thiazohdinecaiboxyhc acid, labeled in the 2 position with C*'*, was syn- 
thesized from radiofoimaldehyde (Isotopes Specialties Company, Inc ) 
L-l,3-Thiazane-4-caiboxyhc acid was synthesized by the procedure de- 
scribed by Wnston and Mackenzie (5) 

Thiazohdine hydrochloride was synthesized from mercaptoethylamme 
hydrochloride (Evans Chemetics, Inc ) by the procedure of Ratner and 
Clarke (3) It melted at 180°, uncoirected 
M,A^'-Diformyl-L-cystine was synthesized by the procedure of du Vi- 
gneaud, Dorfmann, and Lonng (15) The N analysis agreed with the cal- 
culated value ® The compound melted at 192°, uncorrected 
IV-Formyl-n-cysteine was synthesized by suspending 1 2 gm of L-cys- 
teine m 10 ml of formic acid and adding 5 ml of a 1 1 mixture of formic 
acid and acetic anhydride After the cysteine had dissolved, the solution 
was allowed to stand for 15 imnutes and several volumes of 1 1 benzene 
and hgroin were added The precipitate was filtered and dried at the 
pump It gave a strong mtroprusside test and a negative mnhydiin test 
The N content was 101 per cent of the calculated value ^ The compound 
melted with effervescence at 131° 

Isolation and Hydiolysis of Radioactive N ,N'-Difomiylcystine — The con- 
tents of each Warburg vessel obtained from the isotope expenments were 
transferred to centrifuge tubes together with two 1 ml portions of wash 

‘ We are indebted to Dr Julia B Mackenzie for tbe N analysis 
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water 10 mg of non-isotopic iVjiV'-diformylcystine were dissolved in 
each tube and the proteins were precipitated by the addition of 1 4 ml of 
20 per cent tiichloroacetic acid The tubes were centrifuged for 10 min- 
utes and the supernatant fraction was decanted into plastic centrifuge 
tubes The solutions were then titrated with 2 n NaOH to the end point 
of phenolphthalein These operations were performed as rapidly as possi- 
ble to minimize the hydrolysis of the formyl group 0 5 ml of 0 02 m 
C uCh was added to each tube and oxygen was bubbled through the solu- 
tions until the mtroprusside reaction was negative This required about 
1 5 hours 

The solutions were heated to approximately 60° with hot water and 300 
mg of earner iVjiV'-diformylcystine weie dissolved in each tube The 
tubes were placed m the refngerator and on the next day the supernatant 
fluid was lemoved by decantmg The iVjiV^'-difoimylcystine was washed 
twice mth ice-cold watei and was then suspended m absolute alcohol and 
transferred to a planchet After the granules had settled out, the alcohol 
was drawn off mth a pipette and the precipitate was dried under an infra- 
red lamp and weighed These and all subsequent samples were counted 
vuth a thin nuca window Geiger-Muller counter and corrected for self- 
absorption The counts were calculated in terms of total carrier em- 
ployed and the yield was expressed as a per cent of the incubated C“ 

The radioactive A’jA^'-diformylcystine was recrystalhzed from water 
and dned at the pump with cold absolute ethanol and ether The melting 
point was 194°, uncorrected 260 mg of the recrystalhzed compound 
were dissolved in approximately 7 ml of boihng absolute methanol undei 
a “cold finger” and the solution was placed in the refrigerator The crys- 
tals were dried at the pump with absolute ethanol and ether 

180 mg of this material were diluted to 1 gm with non-isotopic N ,N'- 
diformylcystme and dissolved m 70 ml of 0 5 m H 2 SO 4 The solution was 
refluxed for 30 minutes and 250 ml of doubly distilled wmter were added 
The diluted solution wms then distilled at 90 mm of Hg and 25° until a 
volume of approximately 20 ml remained The distillate was collected 
m a flask immersed m an ice and brine bath The residual solution in the 
distillation flask was bi ought to pH 5 with 2 n NaOH The resulting pre- 
cipitate was washed wuth cold water, alcohol, and ether, and wms dned 
The compoimd became mtroprusside-positive aftei cyamde tieatment and 
possessed the Rp oi cystme 

The distillate was titrated with caibonate-free 2 5 n NaOH to pH 0 bv 
using glass electrodes This solution was concentrated to 25 ml at the 
water pump and then lyophilized The salt obtained melted at 255 , un- 
corrected Admixture with sodium formate did not depress the melting 



C G MACKENZIE AND J HARRIS 


405 


point The activity of the sodium foimate was multiphed by 1000 and 
then divided b}'’ ISO to collect for the dilution referied to above 

SUMMARY 

L-Thiazohdinecaibo\yhc acid is metabolized by hver mitochondria to 
produce a high yield of iV-formylcysteine This reaction is catalyzed by 
a specific thiazohdinecaibo\j''hc acid dehydrogenase When L-cysteme 
and foimaldehj'^de aie added to mitochondria, W-foimylcysteme is also 
formed as follows 

Formaldehj'’de + L-cysteme — + L-thiazolidme-COOH — > iV-formylcysteme 

Isotopic experiments have shovm that the carbon of formaldehyde and the 
carbon in the 2 position of thiazohdmecarboxyhc acid aie the sources of 
the formate carbon 

This series of reactions is discussed as a model for the enzymatic oxida- 
tion of aldehydes and as a means of producing sulfhydryl groups within 
the body foi detoxication or other pui poses 

The assistance of Mrs Margaret M Cooper during the early phases of 
this work, of Mrs Marcia M Michelson during the chromatographic stud- 
ies, and of Mrs Clepo J Bates m preparing the figures is gratefully ac- 
knowledged 

Addendum — Since this article was submitted, Cavallim and coworkers (16) have 
reported the formation of A^jiV'-diformylcystme from thiazolidmecarboxylic acid 
and a liver enzyme preparation In their paper, they refer to our earlier work as fol- 
lows, “Recently Mackenzie and Harris and Mackenzie studied the fate of the portion 
of the molecule formed from formaldehyde We have devoted our attention to the 
metabolic fate of the substrate as a whole ” We should like to point out that the ab- 
stract by Harris and Mackenzie (17) was equally concerned with the cysteine and 
formaldehyde parts of the molecule, and was entitled “Metabolism of formaldehyde 
and cysteine via thiazolidmecarboxylic acid ” Moreover, we concluded, “This com- 
pound (thiazolidmecarboxylic acid) is then dehydrogenated by a specific oxidase to 
yield the corresponding thiazolme, which in turn is hydrolyzed to W-formylcj steme ” 
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FAT IMETABOLISM IN HIGHER PLANTS 

IX ENZYMIC SYNTHESIS OP LONG CHAIN FATTY ACIDS 
BY AVOCADO PARTICLES* 

P K STUMPF AND GEORGE A BARBER 

(Fro7n the Department of Agricultural Biochemistry, University of California, 

Berkeley, California) 

(Received for publication, December 4, 1956) 

The discoveiy and isolation of the multienzyme system responsible for 
|8 oxidation of fatty acids to acetyl CoA* have stimulated investigation of 
the synthesis of long chain fatty acids by multiple ^ condensation of the 
acetyl CoA In 1953 Van Baalen and Gunn (1) were the fiist to demon- 
strate that acetate was incoiporated into fatty acids by aqueous extracts of 
pigeon hvei In 1953 Stansly and Beinert (2), employing the purified 
enzymes of the j3-oxidative system, showed the S 3 mthesis of butyiyl CoA 
from acetyl CoA In 1955 Hele and Popjdk (3) described soluble enzyme 
systems fiom rat and labbit mammaiy glands which catalyze the synthesis 
of long chain fatty acids from acetate in the presence of ATP, CoA, and 
DPN Langdon (4) has made the important observation that TPNH is 
lequired for the incorporation of acetate-C“ into the higher fatty acids by 
soluble liver systems Recently Gibson and Jacob (5) and Wakil, Portei, 
and Tietz (6), using three different protein fractions obtained from pigeon 
hver and a mixture of cofactors and substrates, showed the synthesis of 
long chain fatty acids from acetate 

In higher plants, Newcomb and Stumpf (7) observed that shces of 
cotyledons of both germinating and developing peanuts had the capacity 
to incorporate acetate-C^^ into long chain fatty acids Gibble and Kurtz 
(8) demonstrated that acetate-l-C^^ was incorporated by developing flax 
fiTuts into long chain fatty acids which were labeled piedommantly m the 
odd-numbered carbon atoms Sisakyan and Smirnov (9) supphed acetate- 
C“ to sunflower chloroplasts and isolated long chain fatty acids with 
relatively low radioactivity No cofactor reqmrements were demon- 
strated 

* This work was supported in part by a grant from the National Science Founda 
tion 

^ The following contractions are employed ATP, adenosine triphosphate, CoA, 
coenzyme A, DPN, diphosphopyridine nucleotide, TPN, tnphosphopyridine nucleo- 
tide, Tris, tris(hydroxymethjd)aminomethane, UTP, undine triphosphate, GTP, 
guanosine triphosphate, CTP, cytosine triphosphate, ITP, inosme triphosphate, 
TCA, trichloroacetic acid 
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This paper presents evidence that a cell-free particulate system, isolated 
from avocado mesocarp, catalyzes the synthesis of long chain fatty acids 
fiom acetate in the presence of ATP, CoA, and Mn''”*' under anaerobic 
conditions 


Methods and Matenals 

Preparation of Enzyme System — ^Avocado fruits {Persea amcncana) were 
purchased as needed from local food stores The Fuerte vanety was used 
m the majority of experiments Generally one frmt, the mesocarp of which 
iveighed about 200 gm , supplied sufficient particles for one set of experi- 
ments 

The fruit was peeled, the seed removed, and the remainmg fleshy meso- 
carp was treated m the cold room (3-4°) as follows The mesocarp was 
passed thiough a food grater and ground with acid-washed sand in a chilled 
moitar (10) with 1 volume of cold 0 4 m sucrose-0 2 m Tris buffer at pH 7 3 
The homogenate was squeezed through four layers of cheesecloth, and the 
filtrate was centrifuged m a Servall superspeed angle centnfuge type SS-1 
for 7 minutes at 500 X ^ to remove fine debris The supernatant flmd was 
then centrifuged at 10,000 X s' for 30 minutes, and the sediment was washed 
by resuspension in 50 ml of suciose buffei and by centrifugation agam at 
10,000 X g foi 30 minutes The final sediment was suspended in an 
appropi lately small volume of sucrose-Tris buffer (containing about 30 mg 
of protein per ml ) and used within a few nunutes 

Procedure — Enzyme reactions were carried out in small Pyrex tubes 
contaimng the particulate suspension, cofactors, and substrate labeled 
with The tubes were flushed with mtrogen, stoppered, and shaken 
gently on a rotary shaker for 2 hours at 30° After incubation, the con- 
tents of each tube were added to an equal volume of saturated KHSOi 
solution m a Maizel-Gerson tube The lipides were extracted once from 
each tube with 1 ml of chloroform The chloroform extracts were evap- 
orated at low heat on to aluminum planchets, and the fatty residues were 
counted directly with a thin window Geiger-Muller tube, assuming infinite 
thinness Activity was expressed as the per cent of incorporation, counts 
per imnute in chloroform extract X 100 divided by counts per nunute m 
substrate Repeated control experiments show’^ed that unincorporated 
acetate-2-C^^ was completely lost when the chloroform extract was evap- 
oiated on the aluminum planchets 

Formation of Hydroxamic Amd Derivatives — Hydroxylanune with low 
salt content was prepared by adjusting a concentrated solution of hydroxyl- 
aimne sulfate with saturated Ba(OH)2 to pH 6 5 and precipitating the 
BaS04 Water was then added to yield a molar solution of hydioxylamme 
Hydroxylanune was added to reaction mixtures at various stages in their 
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incubation, and the h}-dro\amic acid den\ atn es-nere isolated by the method 
of Stadtman and Barker (11) Colonmetnc anahses for hjdroxamic acid 
demati\c<: formed from non-radioacti\e substrates were earned out by 
the method of Lipmann and Tuttle (12) 

Idcnlificalwn of C^'-Labclcd Lipidcs — Portions of the chloroform extract 
were fractionated on MgO-Cehte and CaCOj-Celite columns, as desenbed 
h\ Strain (13) The radioactn ity of each fraction was determined b}' 
counting the eluates on aluminum planchets 

Other portions of the chloroform-soluble hpide matenal were sapomfied 
b\' being refluxed m 10 per cent ethanohe KOH for 5 hours Fatty acids 
were separated from the acidified saponification mixtures bj' steam distilla- 
tion Long chain fatty acids tended to collect m the condenser and were 
w ashed out wnth a few ml of ethj 1 ether The aqueous solutions w ere then 
made shghth" alkaline and reduced to small volumes m a flash evaporator, 
model rE-2 (Laboratory- Glass Suppl 3 ' Company-), at 40° The concen- 
trates were acidified wnth 6 x H;SO< and extracted with ethyl ether The 
ether was exaporated to drx-ness, and the residues were redissolved m 
minimal volumes of petroleum ether The fattj- acids were chromato- 
graphed bx- the rex ersed phase method of Kaufmann and Kitsch (14) In 
this method, TiTiatman Xo 3 paper is immersed m kerosene for 15 mmutes 
and then dned m a weU x entilated hood for 4 hours at room temperature 
Fattx' acids are apphed as free acids dissolved m hexane, and the paper was 
dex eloped m a descendmg duection with a 9 1 acetic acid-water solvent 
sx'stem at room temperature The fattj* acids and them i?r values are as 
follows capnc 0 GO, launc 0 50, mj-nstic 0 39, palmitic 0 23 oleic 0 24, and 
steanc 0 15 

With short cham fatt^* acids, a portion of the abox^e ethj-l ether extract 
was treated xvith concentrated XH,OH solution to form the ammonium 
salts of the fattx- acids which were chromatographed bj^ the method of 
Eennedx' and Barker (15) 

Radioactix-e spots were located bj- exposure of the papers to x-raj"" film 
for from 5 to 10 daj-s, depending upon the activitj^ of the matenal chroma- 
tographed In addition, long cham fatty acids were located by treating 
the paper xvith a 1 per cent lead acetate solution, washmg it xvith water, and 
exposing the lead salts of the fattj' acids to H 2 S Fatty acids appeared as 
dark spots of lead sulfide This method is sensitive to 0 1 /imole quantities 
of fatty acid (16) 

LTnsaturated fatty acids were demonstrated bj^ the change m them 
chromatographic movement after reduction bj- hj’-drogen xvith a platinum 
catal 3 -st m a pressure reaction apparatus (Parr Instrument Company) 

-4hquots of fatt 3 ' acids, s 3 -nthesized by the ax-ocado particulate system 
from carboxyl- and meth 3 -l-labeled acetate, were decarbox 3 dated by the 
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Schmidt azide reaction by the method of Phares (17) The CO 2 released 
was collected m 20 per cent KOH, precipitated with barium acetate, and 
counted as BaCOs 

Reagents — Caiboxyl- and methyl-labeled acetate-C*^, both with a specific 
activity of 1 0 me per mmole, weie purchased from Traceilab, Inc , Boston 
CoA and ATP were purchased from the Pabst Brewing Company and the 
Sigma Chemical Company, and reduced glutathione fiom the Nutritional 
Biochemicals Coipoiation 

RESULTS AND DISCUSSION 

Properties of Enzyme System — K study of vaiious centiifugal fractions 
of the avocado mesocarp homogenate showed that the particles most 
active m mcorporatmg acetate into the lipide fraction weie sedimented in 
30 minutes at 10,000 X g When examined under the hght microscope, 
this fi action appeared to consist mainly of particles at the hnut of optical 
resolution m addition to a small number of chloroplasts When the meso- 
carp was divided mto the green outer and the yeUow inner sections, the 
green tissue contained fai more chloroplasts than the yellow, but, according 
to weight, particles prepared from each section gave about equal incorpora- 
tion of acetate Since the piocedure used to piepare the particles was 
identical wuth that of Mdlerd et al for isolating avocado mitochondria (17), 
the particles comprising the enzyme system in question appear to be 
“mitochondna” m the generally accepted sense of that term Addition 
of supernatant solution to mitochondrial preparations caused no stimula- 
tion, but mstead inhibition of acetate incoiporation This is in contrast 
to the work of Gibson and Jacob (5) and of Hele and Popjak (3) The 
former found a reqmrement for both soluble and particulate fractions of 
pigeon hver for fatty acid biosynthesis, whereas the latter demonstrated all 
activitj'- to be in the soluble portion of rat and rabbit mammary gland 
homogenates 

The enzyme system in avocado mitochondria is qmte labile Heating 
at 50° for 5 rmnutes at pH 7 0 destroyed its activity completely, freezmg 
overnight at —20° reduced the activity 80 pei cent, meiely allowing the 
preparation to stand at 0° foi 2 hours lowered its abdity to incorpoiate 
acetate into hpides by 50 per cent 

Anaeiobic incubation of the reaction rmxtuies resulted in greater incor- 
poration of acetate than did aerobic incubation However, the difference 
between the two was not as large as was expected, i e mcubation in War- 
burg vessels exposed to the air show^ed 9 per cent incorporation agamst 
15 per cent m tubes flushed with mtrogen In other experiments, reactions 
earned out either m Warburg vessels flushed with mtrogen and containing 
Oxsorbent (Burrell Corporation) in the center well or in Thunberg tubes 
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flushed caiefullj'- with mtiogen gave no gieatei acetate incorporation than 
did reactions in small tubes flushed with nitrogen and closed with rubber 
stoppers 

A time stud}'^ of the leaction system shoved that after 90 minutes there 
was no fuither acetate incoipoiation The mixtures weie routinely incu- 
bated foi 2 houis 

Cofaclor Requirements — Cofactoi lequiiements foi the nutochondrial 
system are shovm in Table I The lequirements for ATP, CoA, and Mn"^ 
are clearly evident The effect of ATP is pai ticularly striking, although a 
rather high concentiation was lequiied foi optimal activation This 

Table I 

Cofactor Requirements for Incorporation of Acetate-2-C'^ into Lipides by 
Particulate System of Avocado Fruit 

The complete reaction mixture contained 1 0 ml of mitochondrial suspension 
(about 15 mg of protein) in 0 4 m sucrose 0 2 m Tris buffer, ATP 5 6 X 10~’ m, CoA 
3 X 10~^ M, glutathione 2 7 X 10“^ m, MnS 04 5 X 10"* m, NaF 2 7 X 10"’ m, acetate- 
2-C‘* 5 X 10"’ M, 0 05 /iC , 35,000 c p m , phosphate buffer 5 5 X 10"’ m Total volume 
in each tube, 1 8 ml The tubes ivere flushed with nitrogen and incubated for 2 
hours at 30° 


Components 

Per cent substrate acetate 2 C>< 
incorporated into Iipides 

Complete system 

27 5 

Without ATP 

0 1 

“ CoA 

4 1 

“ MnS04 

1 4 

“ glutathione 

25 2 

“ NaF 

22 5 


suggested a contaminating nucleotide other than ATP as the active 
nucleotide As a souice of such a nucleotide, a complex of mononucleo- 
tides, isolated by charcoal adsorption from acid-extracted yeast cells, ^ was 
added to ATP No stimulation was observed Other nucleotides such 
as UTP, GTP, CTP, and ITP weie ineffective The specific requirement 
for Mn++ IS also rather remarkable Although different metal ions were 
tested for activity, either alone oi in combination with Mn++, none of them 
stimulated acetate incorporation significantly Substrate concentration 
was also critical Increases m concentration of acetate over about 2 0 X 
10~* M caused inhibition of the incorporatmg system Inhibition of a 
mitochondrial system by short chain fatty acids was also observed m the 
S oxidation of butyiate by mitochondria of germinating peanut cotyledons 
(18) 


’ The authors are indebted to Dr Rao Sanadi for this preparation 
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It should be pointed out that throughout the course of these expenments 
there was considerable variation from day to day in the activity of the 
particulate preparations This was undoubtedly i elated to the condition 
of the avocado frmt and its history of handhng and storage Nonetheless, 
although activity vaned quantitatively (1 to 30 per cent mcorporation of 
acetate), no instance was ever found of quahtative difference m cofactor 
leqmrements 

A marked reqmiement foi a reducing system could not be shown although 
the addition to the reaction mixtures of DPN and TPN with a-keto 
glutaric acid gave a shght but consistent stimulation of acetate incoipora- 
tion DPN and the reducmg system, ethanol dehydrogenase and ethanol. 

Table II 

Effect of CoA and ATP on Formation of Acetyl Hydroxamates by 
Avocado Particulate System 

The reaction systems were as in Table I except for the addition of 0 5 mmole of 
hydroxyl amine, pH 6 5, and 0 2 /imole of acetate-2-C*^, 54,000 c p m The hydrox- 
amic acids were chromatographed, detected, and eluted as described in the text 
In each case only one spot, corresponding to the acetyl hydroxamate, appeared on 
the chromatogram 


Keaction ini,;ture 

Radioactivity of eluted material 

Complete 

cp m 

842 

Without CoA 

138 

“ “ ATP 

0 

“ ATP 

0 


alone or m combination with TPN and its reducing system, glucose-6- 
phosphate dehydrogenase and glucose 6-phosphate, produced no stimula- 
tion Moreover, DPNH alone had no effect on the incorporation of 
acetate This lack of effect by DPN and TPN reduced outside the 
nutochondrion may be related to a permeabffity barrier into the par- 
ticle 

Fatty Acid Activation — To demonstrate the enzymes of fatty acid activa- 
tion, the imtochondrial system was incubated with hydroxylamine and either 
labeled or non-labeled fatty acid substrates Acyl CoA denvatives will 
form hydroxamates which can be detected by their production of a colored 
complex with FeCls and by their chromatographic movement In expert 
ments mth labeled acetate, the reaction mixtures were chromatographe 
on paper vnth water-saturated butanol, and the spots were located on x-ray 
film, eluted with ethanol, and counted (11) As indicated in Table II, 
only the acetyl hydroxamate was evident on the chromatograms It is o 
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interest to point out that the condensation products of acetyl CoA, C4, 
C6, CS, etc (CoA denvatives), did not accumulate in hydroxylamine- 
tiapping expel iments in which hj’^dioxylarmne was added at different time 
inteivals In other expei iments with 5 /nmoles of non-radioactive acetate, 
butyrate, and octanoate, coloiimetnc analysis gave evidence for the 
formation of acetyl, butyrjd, and octanyl hydroxamates Palnutic and 
oleic acids gave no leaction (Table III) Tris buffer extracts of acetone 
powdei of the fruit mesocarp also formed hydroxamic acid derivatives 
when mcubated with cofactois and non-radioactive acetate, but the 
activity of the powder decreased rapidly with storage From the above 
evidence it was concluded that avocado mitochondria possess a fatty acid- 

Table III 

Speafienly of Fatty Acid-CoA-Achvating System of Avocado Particles 
The reaction sj stems were as in Table I except that 0 5 /imole of non-labeled 
fatty acid substrate nas substituted for acetate-2-C^^ and 0 5 mmole of hydroxyla- 
nune, pH 6 5, was added at the beginning of the reaction Quantitative estimations 
of hj’'dro\amic acid denvatives are described in the text 


Substrate 

Hydroxamate* 

Acetate 

untole 

0 84 

Butyrate 

0 49 

Octanoate 

0 38 

Palmitate 


Oleate 



* Succinyl hydroxamate as standard 


activatmg system which m our preparations is able to activate acetate, 
butyrate, and octanoate m a decreasmg order of activity These results 
are similar to those m plant extracts (19) and m bacteria and animals (20) 
Identification of C^^-Labeled Reaction Products — Since chloroform extracts 
obtained from mitochondrial rmxtures were green m color, it was decided 
to determine first whether any of the activity was present m pigmented 
compounds Portions of the labeled chloroform-soluble matenals were 
fractionated on CaCOs-Cehte and MgO-Cehte columns by us and by 
Dr Chichester, Department of Food Technology, University of California, 
Davis Activity was found to be associated vath the esterified xanthophyll 
fraction in all cases Howevei , upon elution and saponification, the colored 

fiaction lost its activity This radioactivity was then recovered from the 
colorless aqueous extracts of the sapomfied eluate It was concluded from 
this evidence that the fatty acids S3mthesized by the reaction mixtures 
were estenfied in part with the natmally occurring xanthophylls This 
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conclusion is tentative since it is possible that triglycendes aie associated 
Yuth esterified xanthophylls on the chromatographic columns Expen- 
ments in which the particulate enzymes were incubated with cofactors, 
non-radioactive acetate, and glycerol- 1-C^^ mdicated that glycerol could 
serve as an acceptor of fatty acids The question of whether the final 
occurrence of the newly synthesized fatty acid is as a xanthophyll ester, a 
tnglyceride, or both, requires further investigation 

For prehrmnary identification of the fatty acids synthesized by the 
particulate preparations, the reversed phase paper chromatography proce- 
dure developed by Kaufmann and Nitsch (14) was employed When the 
sapomfied lipide was chromatographed, two radioactive spots were observed 
by exposure of the chromatogram to x-iay film One spot {Rf 0 22) was 
larger and considerably more radioactive than the other (Rf 0 14) These 
Rf values correspond to the positions of palrmtic or oleic and steanc acids, 
respectively When an ahquot of the saponified matenal was hydrogenated 
and chromatographed, the 0 22 area decreased while the 0 14 area increased 
m size and radioactivity This would indicate the accumulation of steanc 
acid which originated from the reduction of oleic acid present in the saponi- 
fied hpide material All the ladioactivity of newly isolated hpide matenal, 
when chromatographed by the Kaufmann and Nitsch (14) system, remained 
at the origin This indicated the absence of free fatty acid and the occur- 
rence of the radioactive acids as neutral fats 
A moie precise analysis was made by separating the saponified acids by 
gas-hquid partition chromatography We are greatly indebted to Di K 
P Dinuck of the Western Utihzation Research Laboratory, Albany, 
Califorma, for his cooperation in this phase of the work Enzymically 
prepared radioactive fatty acids were esterified to the methyl esters by 
treatment with diazomethane, and 2 5 mg each of methyl laurate, methyl 
mynstate, methyl palnutate, methyl stearate, and methyl oleate were 
added as cairiers The ester mixtme dissolved m n-heptane was injected 
into the column heated to 214° (General Electric sfiicone supported in 
brick dust m a 5 foot column) As the peaks appeared on the Brown 
recorder, the samples were collected and assayed for radioactivity (Table 
IV) Although only 20 pei cent of the total apphed radioactivity was 
recovered, it can be clearly seen that higher fatty acids became labeled 
It was not possible to separate steanc and oleic acids by this method, but 
because steanc acid is never labeled to any noticeable extent on the basis 
of reversed phase chromatography and does not occur in avocado frmts in 
sigmficant amounts (21), it is concluded that the major radioactivity of the 
steanc-oleic fraction is contnbuted by oleic acid 

No labeled short chain fatty acids accumulate in reaction mixtures as 
evidenced by the Kennedy and Barker method (15) Water-soluble 
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compounds that weie left aftei chloiofoim extinction weie lecovered by 
Soxhlet ethei extraction Upon chromatogiaphy with butanol-formic 
acid-water, the presence of labeled citric, malic, succinic, and probably 
a-ketoglutaric acids was obseived Since labeling in these TCA cycle acids 
of the tiicaiboxyhc acid cycle was reduced considerably by rigorously 
anaerobic incubation of the reaction mixtures, it is assumed that acetate-C*^ 
enters the TCA S 3 ^stem through the presence of residual oxygen Neither 
butyl ate-l-C'' nor piopionate-l-C*'* was incorporated into chloroform- 
soluble compounds bj’’ the particulate system 
In \ lew of these experiments it is concluded that palmitic and oleic acids 
are the onlj’^ fatty acids sjmthesized in detectable quantity by the avocado 
nutochondiial system Similar preliminary studies have been made with 

Table IV 

Gas-Liqmd Chromatography of Enzyimcally Synthesized Fatty Acids 
Radioactive fatty acids vere isolated from the avocado particulate system and 
treated as described in the te\t 


Fatty acid (mcth>l ester)* 

Emergence time 

Radioactivity 



c p m 

Launc 

7 0 

0 

Mynstic 

14 2 

18 

Palmitic 

28 

280 

Oleicf 

55) 

469 

Steancf 

60/ 


*25 mg of the methyl esters of these fatty acids added as carriers 
t Steanc and oleic acids were not separable See the text 


mitochondria isolated from cotyledons of gerrmnating peanuts Acetate-2- 
was readily incorporated into the chloroform-extractable lipides when 
the mitochondria were incubated m the presence of ATP, CoA, and Mn++ 
Without the cofactors no incorporation was observed 
The results of the Schimdt decarboxylation of fatty acids synthesized 
from carboxyl-labeled acetate are shown m Table V Fatty acids were 
converted by catalytic reduction to the saturated fatty acids before decar- 
boxylation to avoid oxidation at points of unsaturation by reagents of the 
Schmidt reaction The results of the decarboxylation suggest strongly that 
the fatty acids are labeled along the whole chain If the fatty acids are 
synthesized by the condensation of 2-carbon units, every other carbon in 
the chain should be labeled Thus, m a 16-carbon fatty acid synthesized 
fiom carboxyl-labeled acetate the caiboxyl group should contain one-eighth 
the total ladioactivity m the molecule The expenmental results m 
Table V agree with this hypothesis 
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The evidence of distiibution combined ivith the expenments demon- 
stiatmg the presence of a conventional CoA-fatty acid-activatmg system 
supports the concept that fatty acid biosynthesis in the avocado system is 
through a mechanism essentially the reverse of ^ oxidation This is the 
expected mechanism since /8 oxidation of fatty acids is known to occur in 
plants (18), and the condensation of acetyl CoA has been demonstrated to 
be the route of fatty acid biosynthesis in other orgamsms (20) 

Table V 

Schmidt Decarboxylation of Enzymically Synthesized Fatty Acids 
Radioactive fatty acids were prepared and isolated from the avocado particulate 
system as described in the text No attempt was made to separate the acids 
since only palmitic and oleic acids are the major ones Control expenments with 
different concentrations of palmitic-1 consistently gave 60 per cent yields 
Therefore, a correction factor was applied to the radioactivity of CO 2 evolved 
By assuming equal alternate labeling in the side chain of the Cu and Cis fatty acids 
and an average carbon chain length of 17, a factor of 1 to 8 5 was derived to relate 
the radioactivity in the terminal carbon (carboxyl) to that of the whole molecule 
The result of decarboxylation of fatty acid enzymically synthesized from methyl 
labeled acetate-C*^ is presented as a control 


E-tpenment 

No 

Substrate enzymically 
incorporated into fatty acid 

Total Ca in 
enzymically 
synthesized 
fatty acid 

Corrected 
radioactivity of 
COj evolved 
from carbon 1 

Calculated radio 
activity in carbon 
1 of enzymically 
s> nthcsized 
fatty and 



c pm 


cpm 

1 

Acetate-l-C** 

1440 



2 

(< 

960 


113 

3 

Acetate-2-C^‘ 

1195 

■■ 

0 


SHMMAEY 

Particles from avocado frmt mesocarp incorporate C^Mabeled acetic 
acid mto estenfied long chain fatty acids Adenosine triphosphate, co- 
enzyme A, and Mn++ are essential components of the system Palmitic 
and oleic acids were the only labeled acids found to accumulate Evi- 
dence IS presented to support the theory that the mechanism of fatty 
acid formation in the avocado is by the condensation of coenz 5 Tne A-acti- 
vated acetate umts The identity of the natural acceptor of fatty acids 
m the avocado mitochondrion is m doubt but may be a xanthophyll or a 
glycerol 
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Undei conti oiled conditions, it is possible to isolate mitochondiia with 
several of the knovn enzymes present in only partially active oi com- 
pletel}’’ inactn’^e foim (3-5) With these pieparations a maximal effi- 
ciency of the sj'^stem foi oxidative phosphorylation can be approximated 
When mitochondiia aie aged oi damaged by exposure to hypotonic solu- 
tions, a dissociation of oxidation from phosphorylation is believed to occur 
so that, although oxygen uptake may continue at about the same rate, 
httle or no esteiification of inorganic phosphate is found (6-8) Hypoth- 
eses offered in explanation foi these phenomena include the destruction of 
phosphorylation enzymes or coenzymes (9) and the activation of ATPase^ 
and acid phosphatase with changes in the peimeabihty of the mitochon- 
drial membiane (3, 4) 

Our studies, directed toward the restoration of the efficiency of phos- 
phorylation in aged mitochondria, revealed a partial recoveiy of phos- 
phorylation after the addition of serum albumin to the reaction mixture 
(Table I) 

Since the recovery of phosphorylation with albumin was obtained with 
nutochondria aged for 76 hours at 0°, but failed when mitochondiia aged 
for 70 imnutes at 28° were used, the effect of albuimn could be attributed 
to the reversal of a relatively simple change in mitochondria that occuired 
slowly at 0° At room temperature, additional degradations occurred that 
were not reversed by albumin 

The nature of the albumin reactivation was revealed when it was found 
that a factor in the soluble proteins from aged nutochondria inhibited the 
aerobic phosphorylation of freshly prepared mitochondria and that the 
inhibition was counteracted by serum albumin (Table II) 

* Preliminary reports of phases of the experimental work were made (1, 2) 

‘ The following abbreviations are used adenosine triphosphate = ATP, adenosine 
diphosphate = ADP, inorganic phosphate = P, protein-bound phosphate of unde- 
fined energy state = ^P, Tris buffer = tris (hydroxymethyl) aminomethane 
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These observations led to the isolation of the protein “uncoupling” 
factor designated as mitochrome, which is described in this leport 


Table I 

Reactivation of Aerobic Phosphoi ylation of Aged Mitochondria by Serum Albumin 


Time of incubation before 
reaction 

Control 

Albumin 

Estenfied P 

Ratio, ? 

Estenfied P 

P 

Ratio, Q 

Preparation A 


krs at 0° 

fiatoms 


tiatoms 


4 

18 2 

2 0 


2 0 

27 

11 5 

1 7 


2 0 

49 

11 2 

1 5 


2 0 

72 

7 2 

1 1 

13 0 

1 9 

76 

1 

1 4 1 

11 7 

2 0 

Preparation B 

mtn al 2S° 


■■■ 


■M 

0 

11 9 


11 7 


15 

11 8 


11 3 


30 

4 4 


8 0 


46 

1 3 

0 5 

5 4 


70 

0 0 

0 0 

0 0 



Reactions were performed in Warburg flasks containing 2 6 ml of medium com- 
posed of 0 014 M phosphate buffer, pH 7 2, 0 02 m NaF, 0 009 m MgCb, 0 017 M KCl, 
0 0017 M NaHCOj, 0 003 m histidine at pH 7 2, 0 025 M a-ketoglutarate, pH 7 2, 0 011 
M glucose, 7 X 10“^ M ATP, 160 units of yeast hexokinase prepared according to 
Berger et al to Step III (10), and 0 2 ml of mitochondria (1 2 mg of protein N) 
isolated from rat liver by differential centrifugation in isotonic sucrose (11) Reac- 
tivation was accomplished with 3 32 mg of commercial crystalline bovine serum al- 
bumin Phosphate buffer, P-, and ATP were placed in the side arm, other compo 
nents vere added to the mam compartment After a 6 minute equilibration with 
air at 28°, the vessel contents were mixed and oxygen uptake was measured for 30 
namutes CO 2 was absorbed with 0 2 ml of 15 per cent E.OH in the center well 
Inorganic phosphate was determined by the method of Fiske and Subbarow (12) oa 
an aliquot of the reaction mixture deproteinized with cold 15 per cent perchloric 
acid 


Isolation Procedure 

hlitochrome was isolated first fiom the soluble proteins of aged nuto- 
chondna from rat hver Apparently undefined changes that occur in mito- 
chondna during the aging period are of critical importance for the success- 
ful isolation of a soluble mitochrome This is emphasized by the additiona 
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jRelds of soluble mitochiome obtained fiom the insoluble fiagments of 
e\ti acted initocliondna aftei either partial digestion with trypsin oi long 
term stoiage (3 to 6 months at —20°) in ethanolamine buffer at pH 9 0 
Proteins similai to the lat mitochiome were obtained fiom the liver tissue 
of rabbit, pig, cow, and monkey Finally, it was found that mitochrome 
could be isolated fiom whole homogenates of hvei without a prehrmnary 
separation of the initocliondna After the lelease oi extraction of mito- 
chiome from the mitochondiial particle, the actual sepaiation fiom othei 
proteins is accomplished easily by viitue of the insolubility of nutochrome 


Table II 

Inhibition of Phosphorylation by Factor from Aged Mitochondria 
and Reactivation by Albumin 


Addition to control reaction 

Uptake 

P 

Ratio, Q 

Otygen 

P 

None 

iialoms 

11 3 

natoms 

20 3 

1 8 

Bovine serum albumin, 4 mg 

11 2 

26 6 

2 4 

Supernatant fraction from aged mitochon- 
dria 

6 9 

0 

0 

Supernatant fraction from aged mitochon- 
dria 4- albumin 

11 1 

18 7 

1 7 


Reactions Mere carried out with fresh mitochondria under conditions described 
in Table I, but with the indicated additions to the control reaction mixture The 
supernatant fraction from aged mitochondria was prepared by centrifuging, at 
25,000 X g, mitochondria that had been stored at 0° in isotonic sucrose until all phos- 
phorylation activity was lost, 0 2 ml of the clear supernatant solution (0 10 mg of 
protein N) was used in the reaction 

m dilute solutions at pH 5, the isoelectiic point, and by its insolubihty in 
0 25 satuiated ammonium sulfate solution at pH 9 
Isolation from Mitochondria Step I— Mitochondria prepared by dif- 
ferential centrifugation in isotonic sucrose solution (11) were stored as a 
2 per cent suspension in isotonic sucrose at —20° until a stock of protein 
was accumulated Approximately 50 gm of the frozen stock were thawed 
and centrifuged at 20,000 X g The sediment w^as homogenized in 0 1 m 
KCl-0 02 M NaHCOa solution oi in 0 1 m ethanolamine buffer, pH 9 0, 
diluted to form a 2 pei cent protein mixture, and aged foi 4 days at 5° 
The soluble protein was again sepaiated by centnfugation at 20,000 X g 
and the insoluble residue resuspended to form a 1 pei cent protein suspen- 
sion in the 0 1 M alkahne buffer Aftei being stirred ovenught at 5°, the 
extracted pioteins ivere separated by centnfugation at 20,000 X g, and the 
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clear supernatant solutions from the three extractions weie combined 
Approximately two-thirds of the total mitochondrial protein was soluble at 
this stage 

Step II — The combined extracts were adjusted to pH 4 5 with 1 m acetic 
acid and filtered thiough fluted papei in a cold loom The precipitate 
was homogenized m 0 1 m ethanolanune buffer, pH 9 1, diluted to a 0 5 pei 
cent suspension, and filteied or centrifuged clear With care, httle dena- 
turation takes place during the acid precipitation step, so that almost all 
of the precipitated protein obtained by the previous centnfugation can be 
dissolved in half the volume of ethanolanune buffer used in the first ex- 
tinction Any protein that remained insoluble in the ethanolanune buffei 
after this second extraction was discarded The proteins that dissolved in 
the ethanolanune buffer weie combined, adjusted to pH 5 with 1 n acetic 
acid, and the isoelectiic precipitate that formed was lemoved by centrif- 
ugation (1800 X g) After decantation of the clear, green supernatant 
solution, the precipitate was suspended in ethanolanune buffei, pH 91, 
and diluted to a 1 pei cent solution Anj'^ tuibidity that remained after 
the solution was stiried for 2 houis at 5° was removed by centrifugation at 
20,000 X g This isoelectnc piecipitation step was repeated twice until 
the filtrate from the precipitated protein became colorless and contained 
less than 0 05 per cent protein Approximately 10 pei cent of the onginal 
nutochondrial protein was recoveied at this step Electrophoresis of the 
preparation at this stage showed that almost 85 per cent of the protein 
migrated as a single component with the mobihty of rmtochrome 

Step III — The last isoelectnc precipitate was dissolved in 0 1 m ethanol- 
armne buffer,^ pH 9 5, and diluted to a protein concentration of 1 per cent 
Sohd sodium tetraborate was added to a final concentration of 0 05 M, and 
crystalline ammonium sulfate was added to 0 3 saturation The precipi- 
tate was removed by filtration or centnfugation, redissolved in 0 1 m etha- 
nolanune buffer,^ and the salt fractionation was repeated at 0 3 saturation 
and finally at 0 25 saturation with ammonium sulfate in the presence of 
0 05 M boiate The last piecipitate was redissolved in sufficient ethanola- 

- Trace quantities of heavy metal precipitate mitochrome in a form that is difficult 
to redissolve and give the impression of denaturation Use of eth 3 denediaminetetra 
acetate (Versene) prevents this to some extent In some preparations, especial!} 
those from pig liver, the protein was associated with a lipide component from wnic 
it could not be easily separated Although there was little difference in the enzyma 
tic or electrophoretic properties of these turbid preparations, the absorbancy m 
at 280 and 2G0 m/t was significantly increased When preparations of mitochrome 
did not dissolve to form a clear solution in the ethanolamine-Versene buffer, t e} 
were stored in alkaline buffer solution, pH 10, at —20° for a few weeks 
fractionation by isoelectnc precipitation usually, but not always, resolved a c ea 
soluble mitochrome preparation 
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mine bulYei to foim a 0 8 pei cent solution and dialyzed overnight against 
10 times its volume of distilled H 2 O at 6° A slight residual turbidity was 
removed by centiifugation at 30,000 X g The clear solution was then 
adjusted to pH 5 0 with 1 M acetic acid and the piecipitate was lemoved 
by centiifugation and ledissolved in 0 06 m Tiis buffei, pH 8 0, for en- 
zj’^matic studies The yield of nutochiome langed from 2 to 8 per cent of 
the onginal mitochondiial protein 

Mitochrome from Insoluble Mitochondiial Fragments after Digestion vnth 
Trypsin — The insoluble lesidue of mitochondria after ethanolamine ex- 
traction (6 1 gm ) was again homogenized with 0 1m ethanolaimne buffer, 
pH 9 1 (0 7 per cent piotein suspension), in a Waring blender with temper- 
ature maintained at 28° Centrifugation at 1800 X g for 15 minutes 
yielded a turbid suspension containing 2 4 gm of protein Most of this 
protein (17 gm ) was precipitated by centrifugation at 30,000 X g This 
precipitate was homogenized in a Waring blendor with 350 ml of 1 M eth- 
anolamine-20 per cent glycerol solution, pH 10 5, at — 5° After 30 min- 
utes at 0°, the suspension was centrifuged at 25,000 X g for 15 minutes 
The piecipitate recovered (11 gm ) was homogenized in 300 ml of 0 05 m 
ethanolamine buffer, pH 9 5, and, after the addition of 1 mg of crystalhne 
trypsin, was incubated for 1 hour at room tempeiature A partial clari- 
fication of the suspension occurred so that with centiifugation at 25,000 X 
g a clear solution contaimng 750 mg of the extracted brown protein was 
obtained Further fractionation of this solution according to the pro- 
cedure outhned in Step III yielded 250 mg of mitochrome 

Mitochrome from Whole Homogenates of Inver — ^Aftei the pioperties of 
mitochrome were established with preparations from nutochondria, the 
isolation procedure was reinvestigated to deterrmne the feasibihty of iso- 
lating the protein from whole homogenates of hver 

Whole beef or rat liver frozen and stored at —20° foi several months 
was thawed and homogenized with 0 25 m sucrose-0 01 m Versene solu- 
tion, pH 7, in a Waiing blendor to form a 2 per cent protein suspension 
After centrifugation at 600 X g to lemove the nuclei and cells, the supei- 
natant suspension was adjusted to pH 4 5 and the precipitate that formed 
was filtered overnight at 5° or centrifuged at 1800 X g This precipitate, 
containing considerable denatured and insoluble protein, was homogenized 
in a Waring blendor with 0 1m ethanolamine buffer, pH 9 5 (1 per cent 
suspension), and stirred at room temperature for 2 hours The suspen- 
sion was then filtered through fluted paper in a cold room To facilitate 
the extraction, a clogged filter with remaimng protein was homogenized 
in a Waring blendor after a volume of ethanolamine eqmvalent to that of 
the filtrate that had passed through was added, and the suspension of pro- 
tein and paper pulp was poured on to a fresh filter Filtration at this 



424 


MITOCHROME 


point was very slow, requiring 3 to 4 days Dunng this time the filter 
paper was changed twice a day The extraction of the precipitate was 
discontinued when the protein content of the filtrate dropped to 0 1 per 
cent Mitochrome was isolated fiom the clear filtrate by isoelectric pre- 
cipitation at pH 5 0 and by salt fractionation desciibed previously in 
Steps II and III In one preparation, starting with 2 5 kilos of whole 
beef hver, 23 6 gm of protein weie obtained at Step I, 13 3 gm at Step 
II, and the final protein yield was 7 6 gm 

Frequently preparations of mitochrome from whole hver were obtained, 
associated with a deep red-colored protein which, when isolated in electro- 
phoreticaUy homogeneous form, gave the spectral charactenstics of a cyto- 
chrome 1)2 (absorption maxima at 424, 530, and 560 mu after reduction with 
dithiomte) This trace contaminant, amounting to almost 2 per cent of 
the total protein, was separated from mitochrome by chromatography 
A 1 pel cent solution of the protein in 0 1 m Na 2 B 407 was passed through 
an adsorption column composed of equal parts of sihca and Cehte (13) 
that had been washed and equihbrated with the solvent With the pro- 
portions of 10 mg of protein per gm of sihca-Cehte, all of the protein was 
adsoibed on the column Approximately 60 per cent of the mitochrome, 
fiee fiom the red protein, was eluted from the column with 01 m Na 2 B 407 
The residual mitochrome and “cytochiome b 2 ” weie eluted with 1 m eth- 
anolaimne buffer, pH 9 

The rmtochrome obtained from either mitochondna or whole homoge- 
nate of hver is a brown-colored protein that is soluble and stable in dilute 
alkahne buffers for a few weeks at 4° It can be stored at —20° for at 
least a year with only minor losses of activity 

Physical and Chemical Properties 

The properties of the isolated rmtochrome summanzed in Table III 
refer to the dry weight of the salt-free protein Nitrogen was determined 
by the micro-Kjeldahl procedure described by Miller and Houghton (14) 
Phosphorus was determined after digestion of the piotem with H 2 SO 4 and 
H 2 O 2 (12) The bond betw^een phosphorus and protein was not spht ap- 
preciably by hydrolysis in 1 n HCl for 15 minutes and was transformed 
quantitatively to inorganic P only after complete digestion of the protein 
A modification of the o-phenanthrohne reaction w^as used for the iron con- 
tent after w^et digestion of the protein (13) 

Light Absorption — The shape of the absorption spectrum of mitochrome 
in the ultraviolet and visible regions and the changes produced by 
tion with dithionite and interaction with CO are shown in Fig 1, A an 

The data, obtained with a Beckman recording spectrophotometer, are 
reported in terms of the absorbancy index, a = ((log lo/D/^’c), 
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Table III 

Physicochemical Properties of Mitochromc Isolated from Beef Liver 


Composition 



per cent 

Nitrogen 

14 21 

Phosphorus 

0 28 

Iron 

0 055 


Light Absorption 


Wa\ c length 

Os* 

Vlfi 


280 

1 486 

410 

0 313 

422 (reduced) 

0 235 

420 ( " CO) 

0 350 

Electrophoretic Mobilities in 

0 1 fi Buffers 


Buffer 

1 

pH 

ut 

Tns 

9 0 

-5 80 

(t 

8 4 

-5 45 


7 0 

-4 77 

Veronal 

8 4 

-5 40 

Veronal-acetate 

7 1 

-4 80 

it 

6 4 

-4 66 

Acetate 

3 8 

+5 1 

it 

4 0 

-f-4 5 

Isoelectric point 

5 1 

0 


Molecular Size 


Sedimentation constant, S 20 u. X 10*’ 

3 0 

Diffusion constant, D 20 w X 10’’ 

3 1 

Partial specific volume (Fi), ml per gm 

0 78 

Molecular weight 


M.i 

107,000 

M (analytical Fe) 

102,000 

M (light-scattering) 

160,000 

Dissymmetry constant, f/fa 

2 13 

Viscosity increment lim iv/vo — l)/cVi 

18 3 

c — ^ 0 



* a, = absorbancy index = absorbancy (log lo/I) per cm depth per 0 1 gm per 
cent 

t U = mobility in sq cm per volt per second X 10~® 
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log lo/I IS the absorbancy (4), 6 the path length m centimeters, and c 
the concentration in gm per hter ( 15) Quantitative values for the absorp- 

tion maxima that are analytically useful are given in Table III 
Although the absorption spectrum of mitochrome showed the charac- 
teristic Soret band of a heme protein, the absorbancy of this band com- 
pared to that of the 280 m/i band was much less than is found with the 
more commonly known heme proteins This led to experimentation to 
deterimne whether the heme moiety was present as a contammant All 
our attempts to separate the heme component without denaturing the 
protein were unsuccessful The assumption that the heme group was an 
mtegial part of the mitochrome molecule became more plausible with the 



Fig 1 A, ultraviolet light absorption of mitochrome in 0 04 m phosphate buffer, 
pH 8 0 B, absorption of mitochrome (solid line), reduced mitochrome (NaiSiOi) 
(broken line), and reduced CO mitochrome (dotted line) in 0 04 m phosphate, pH 8 0 


quantitative agreement of the iron content of 0 055 per cent with the 
molecular weight obtamed from sedimentation and diffusion data 

Electrophoresis — Electrophoresis of mitochrome in 0 1 ionic strength 
buffers resolved a single boundary at pH ranges acid and alkahne to the 
isoelectiic point of the protein Measurements of the mobility of mito- 
chiome in 0 1 ionic strength Tris, Veional, phosphate, and acetate buffers 
over the pH range 3 8 to 9 0 determined an interpolated isoelectric point 
at pH 5 1 (Table III) In the pH range 5 to 0 the low solubihty of the 
protein precluded any reliable mobility calculation with the optical resolv- 
ing power of the eqmpment used 

A mixture of equal quantities of mitochrome and seium albumin mi 
giated as a single component during electrophoresis in alkaline buffers 
(Fig 2) In buffers acid to the isoelectric point, the mixture was re^ 
solved into two components One component with a mobility ® 
showed the charactenstic inhomogeneity of serum albumin at pH r 
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desciibed by Luelscliei (16), the othei component with mobihty of 4 5 
identified as niitochiome (Fig 2, C) The electiophoretic indications 
of a piolein-piotein intei action between mitochiome and serum albumin 
Meie confiimed by sedimentation data Ultiacentrifugation of equimolai 
mixtuies of mitochiome and seium albumin gave a monodisperse sedi- 
mentation pattern with an S 20 «• = 3 7 for the mixture that w'^as greatei 
than S 20 V = 3 0 foi mitochiome alone and less than S 20 w = 4 4 for albu- 
min alone The physicochemical evidence for intei action betw'een nuto- 
chiome and seium albumin offers some leasonable explanation for the 
action of albunnn in countei acting the enzymatic effects of mitochrome on 
intact mitochondiia 

Molecular Weight — The moleculai Aveight of mitochrome was obtained 



Fig 2 Fig 3 

Fig 2 Electrophoretic patterns of the descending boundaries of A, mitochrome 
(pH 8 4, M = 0 1, U (mobility in sq cm per volt per second X 10~‘) = —5 4), B, 
mitochrome -f- bovine serum albumin (1 1) (pH 6 8, = 01, U = —5 1), C, mito- 

chrome + albumin (1 1) (pH 4, = 0 1, U = 2 6, 4 5) 

Fig 3 Sedimentation patterns of 4., 0 5 per cent mitochrome, B, a mixture of 
0 58 per cent mitochrome and 0 42 per cent albumin in 0 1 m Veronal buffer, pH 9 1 


from measurements of the sedimentation and diffusion constants of the 
protein Values for the sedimentation constant w ere obtained by Dr M 
MacKenzie with a Spinco ultracentrifuge Solutions of a lyophihzed prep- 
aiation of mitochiome w^ere made in 0 125 u phosphate buffer, pH 7 8, 
and in 0 1 M Veional buffer, pH 9 1, wuth a final piotein concentration of 
1 0 and 0 5 pei cent, respectively Fig 3 shows lepresentative sedimenta- 
tion patterns of mitochrome and of a mixtuie contaimng 0 42 per cent 
serum albumin and 0 58 pei cent nutochiome in Veronal buffei In con- 
tiast to the electrophoretic homogeneity of mitochiome, the sedimentation 
pattern indicated a weight heterogeneit 3 '' This diffeience suggests either 
that the protein is an interacting aggregate of heterogeneous molecular 
species that migrates as a single component in an electric field or that the 
protein molecules are of the same species but that they associate to form 
a w^eight-heteiogeneous molecular population The monodisperse sedi- 
mentation pattern (Fig 3) obtained wuth approximate^ equimolar con- 
centrations of mitochrome and albumin in the face of the pol 3 '-dispeise 
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pattern of the mitochrome alone intimates that initochronie exists as an 
equilibrium mixture of unassociated and associated molecules of the same 
molecular species and that leaction with albumin displaces the equilibrium 
predominantly in the direction of an albunun-mitochiome compound 

Diffusion measurements were made with the schheien optical system 
of the Ammco-Stern electrophoresis apparatus on a 0 7 per cent solution 
of mitochrome in Veional buffei, pH 9 1 Weight aveiage diffusion con- 
stants D 20 10 weie calculated by the method of moments and coirected to 
standard conditions as described by Lundgien and Waid (17) 

With the Svedbeig ultiacentrifuge equation (17), a moleculai weight of 
107,000 was obtained from the data for the sedimentation constant, dif- 
fusion constant, and partial specific volume of mitochrome This agrees 
with the minimal molecular weight of 102,000 calculated fiom the iron 
content of mitochrome with the assumption of 1 atom of non pei molecule 
(Table III) The molecular weight of rmtochrome was also determined 
for us by Dr R Steiner who used a hght-scattering method (18) The 
disagreement of the value of 160,000 with those obtained by the other 
methods nught be attributed to the association of the mitochiome mole- 
cules that would produce a pioportionately greatei effect on the scattering 
of hght 

The data summanzed in Table III also permit the calculation of the 
frictional ratio 01 dissymmetry constant ///o (17) The high value of 2 13 
indicates that the molecule is not spherical By making the usual as- 
sumptions that the molecule is a iigid, impenetrable, and unhydrated 
ellipsoid of involution, the axial ratio of such an ellipsoid can be obtained 
fiom the frictional ratio or the intrinsic viscosity by using the graphical 
expression of the Perrin or the Simha relation (19) The intrinsic vis- 
cosity of the piotein was obtained fiom specific viscosity measurements 
made with Ostwald-Cannon-Penske type capillary viscosimeters (20) 
From an intrinsic viscosity of 18 3, the axial ratio foi a prolate ellipsoidal 
model IS 12 2 The axial ratio derived from the dissymmetry constant 
IS 23 6 For an oblate ellipsoidal model, the axial ratios would be 25 
fiom viscosity data and 35 fiom the frictional ratio The differences 
found foi the prolate model are much greatei than has been reported 
generally for the two methods (21) Siimlar discrepancies, however, 
have been reported for the fibrinogen molecule (22) 

Enzymatic Effects 

Inhibition of Aerobic Phosphorylation by Mitochrome The hypothesis 
that the diffusion of nutochiome from mitochondria caused an apparen 
inactivation of aerobic phosphorylation was confirmed by 
exemplified m Table IV In a system with freshly prepared mitochondn 
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dcmonstiating oxidative phosplioi3dation with nearly maximal efficiency, 
the phosphoius esteiified via ATP to glucose with hexokinase was dimin- 
ished piogiessnely by incieasing the concentiation of mitochiome m the 
leaction mixtuie In agieement with the thesis stated pieviously, seium 
albunnn countei acted the inhibition so that phosphorylation was restoied 
This revel “^al of the mitochiome effect apparentl}'^ was limited to mam- 
malian seium albumins, since seium globulins, egg albumins, protarmnes, 
insulin, etc , veie inactnc 

Aciwalion of Dcphospho) ijialton of ATP hy Mitochrome — Since mito- 
chiome had no demonstiable effect on the isolated reaction transfernng 
phosphate from ATP to glucose by 3’^east hexokinase, it seemed reasonable 

Table IV 


Inlnhitton of Oxidatwc Phosphorylation by Mitochromc and 
Reactivation hy Serum Albumin 


Mitochrome added 

Control I 

Albumin 

Estcnficd P 

P 

Ratio, ^ 

1 

Estenfied P 

Ratio, f 


fialoms 


natopis 


0 0 

25 7 

2 7 

24 6 

2 9 

0 29 

18 1 

2 4 

22 5 

2 9 

0 57 1 

11 2 

1 2 


2 7 

1 14 

1 3 

0 3 

14 7 

2 3 


Reactions were performed i\ith fresh mitochondria under conditions described in 
Table I, but with the indicated additions of a purified mitochrome from rat liver to 
the reaction mixture The reactivation experiments were carried out with 3 0 mg 
of crystalline bovine serum albumin in the reaction medium 

to attnbute the effect of mitochiome to a reaction with sites on the sur- 
face of mitochondna The result might be inteipreted as a discharge of 
high energy P on the nutochondrial suiface to inorganic P In the ab- 
sence of mitochondria, the isolated piotein, nutochrome, had only a small 
and negligible action on ATP However, a pronounced activation of 
ATP dephosphorylation was observed when imtochondria, that gave no 
indication of ATP hydrolysis, were added to the substrate m the presence 
of mitochrome Since the inhibition 'of aerobic phosphorylation could be 
explained on the premise of a discharge of high energy phosphate on the 
mitochondna to moigamc phosphate, the more simple reaction of ATP 
dephosphorylation was investigated in moie detail 
The activation of ATP dephosphoiylation by mitochrome is lUustiated 
in Pig 4 During the fiist few minutes of the reaction, there is an appar- 
ent estenfication of inorganic phosphate by the fleshly prepared mito- 
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chondiia With time and with incieasing concentiations of the activator 
protein, the net effect is a hydrolysis of phosphate from ATP 
The complex nature of the reaction with mitochrome was emphasized 
by the failure of first ordei and second older elementary theoretical kinetic 
expressions (23) to describe the data adequately Doubhng the initial 
ATP concentration changed the order of the reaction fiom 0 to 3 A 




Fig 4 Phosphate split from ATP as a function of time with vaned concentrations 
of mitochrome in the reaction mixture Reactions were carried out in air at 28° 
in 2 0 ml of solution with final concentrations of 0 025 M Tris buffer, pH 7 1, 1 25 X 
10“^ M MgCh, 3 08 X 10“’ M ATP, 0 2 ml of mitochondria contaimng 0 554 mg of 
protein N, and the indicated quantities of mitochrome At stipulated times, the 
reaction was stopped by the addition of 1 ml of cold 15 per cent perchlonc acid and 
the protein-free filtrate was analyzed for inorganic phosphate 

Fig 5 Effect of substrate concentration and mitochrome concentration on ATP 
dephosphorylation Reactions were carried out in 2 ml mixtures with final concen 
trations of 0 025 m Tris buffer, pH 7 1, 0 3 ml of mitochondria containing 1 27 mg of 
protein N in isotonic sucrose, and the indicated concentrations of ATP (micromolar) 
The mitochrome concentration (ml of 1 2 per cent solution) is labeled on each curve 
After 10 minutes incubation at 28°, the reaction was stopped by the addition of 1 m 
of cold 15 per cent perchloric acid and analyzed for inorganic phosphate 


4-fold increase over the initial substiate level produced a complicated re 
action that followed no simple ordei With the reaction time fixed, it 
was evident empirically from the data piesented in Fig 5 that the appear 
ance of inorganic phosphate was an exponential function of the 
concentiation at any mitochrome concentration By plotting die a a 
(Fig 5) as phosphate split versus mitochrome concentiation at di eren^ 
substrate levels, it wms apparent also that the activation effect of t e mi o 
chrome passed through a maximum and that the reaction was inhi i e 
higher concentrations of mitochrome 
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Albwiun Effect — Since the nilnbitioii of aerobic phosphoiylation attnbu- 
table to nntochiome was leveised by serum albumin, then the activation 
of ATP dephosphoi 3 dation produced by mitochiome should also be re- 
versed bj’^ sei um albunun if both inlubition of phosphorylation and activa- 
tion of dephosphoi^dationaie the lesult of the same aetion of imtochrome 
on nutochondiia Tins concept is supported by the data in Fig 6 As 
showm, the lesultant dephosphorjdation activity is dependent upon the 
concentration of nutochiome lelative to the concentiation of albumin 




Pig 6 Fig 7 

Fig 6 Effect of albumin on mitochrome activation of ATP dephosphorylation 
Reactions in 2 ml of media containing 3 08 X m ATP, 1 25 X 10“’ m MgCh, 0 025 
M Tris buffer, pH 7 2, 0 2 ml of mitochondria (0 84 mg of protein N), and the indi- 
cated quantities of mitochrome were run with no albumin (•), with 3 0 mg of al- 
bumin (o), and with 6 0 mg of albumin (X) After 10 minutes at 28° the phosphate 
hydrolyzed was determined as described in Fig 5 

Fig 7 Mg ion activation of ATP dephosphorylation by mitochondria in the pres- 
ence (•) and absence (X) of mitochrome Reactions were performed for 10 min- 
utes under conditions described in Fig 5 [Mg++] = m X 10“’ 

With sufficient albumin the activation effect of imtochrome can be com- 
pletely abolished 

The physical interaction of mitochrome and albunun demonstiated 
previously by electrophoietic and sedimentation experiments suggests the 
possibihty that albumin exerts its action by masking functional groups 
on the protein or by a steric hindrance effect that blocks the complex from 
sites on the imtochondnal surface The intei action of albumin and mito- 
chrome IS not dependent upon the albunun molecule per se, since partial 
denaturation with urea does not decrease its reaction with mitochrome 
Methylation of the albunun molecule lowers its activity b}’’ approximately 
50 per cent Reaction wnth lodoacetic acid after urea denaturation, acet- 
ylation, or lodination completely abolishes the albunun effect The lo- 
dinated albunun, in addition to being inactive with mitochrome, has an 
inhibitory action of its own on aerobic phosphorylation It appears, then, 
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that the albumin effect with mitochrome is due to specific end groups in 
the peptide hnkage of albumin and not primaiily to the molecular con- 
figuration of the native protein 

Activation — The effect of Mg++ on the activation of ATP dephos- 
phorylation is shown in Fig 7 In the absence of mitochrome, Mg++ had 
only a small effect In the piesence of mitochiome, maximal activation 
was obtained mth 1 25 X 10“^ m Mg++, higher concentrations of Mg 
were inhibitory The data indicate that the effect of rmtochiome cannot 
be attributed primarily to a Mg++ activation of ATPase induced by a 
trace metal content of the mitochrome 

Mechanism of Mitochrome Action 

Over a hunted substiate concentration lange the kinetic data for mito- 
chrome activation of ATP dephosphoiylation followed the Lmeweaver 
and Burk (24) formulation of the Michaehs-Menten equation to give a 
family of straight hnes with divergent intercepts on the velocity axis and 
mth different slopes Although this rmght be interpreted as unphcating 
mitochrome m the dephosphoiylation of ATP without any duect interac- 
tion between ATP and rmtochrome, i e non-couphng activation, the data 
per se offered no clearly defined mechanism for the leaction This informa- 
tion was obtained by more direct procedures with the use of radioactive 
phosphate and tracer techniques 

Discharge of Mitochondrial Bound by Mitochrome — A preparation of 
EQitochondna contaimng bound radioactive phosphate (mitochondna ^P^’) 
was made by imxing 0 25 ml of P^^ (20 X 10® c p m per ml ) with 4 ml 
of mitochondna (16 mg of protein N) in isotonic sucrose at 0° Excess 
P®^ was removed by centrifuging at 10,000 X g and resuspending the mito- 
chondria m cold isotomc sucrose three times The last sediment was re- 
suspended in 4 ml of 0 25 m sucrose The control (Table V, Expenment 
A) was composed of 0 5 ml of mitochondria ^P®^ and 3 mg of serum 
alburmn m 2 ml of isotonic suciose The phosphate bound to mitochon- 
dna m the absence of albuimn is also shown for companson (Table V, E'" 
peiiment A') For the reaction (Table V, Experiment B), 2 8 mg o 
rmtochrome were substituted foi the serum albumin After 3 minutes at 
0°, the rmtochondna were centrifuged at 10,000 X g and washed repeat- 
edly vuth cold isotomc sucrose imtil the wash water appi cached bac 
ground radioactivity levels, which reqmred four washings The 
chondna were then analyzed foi radioactivity and protein nitrogen 
can be seen (Table V) that the addition of mitochrome to mitochondna 
^p32 discharged almost 70 pei cent of the bound phosphate to form m 

organic phosphate , , 

Discharge of Mitochondrial Bound Nucleotide P®^ by Mitochrome— 
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cliondna amUi bound ladioactive ATP (initochondna-ATP^^) were pre- 
pared by mixing 4 ml of mitochondna (16 mg of protein N) in 0 25 M 
suciose A\ith 0 5 ml of seium albumin and 1 ml of phosphate-labeled 


Table V 

Discharge of Bound Inorganic and Nucleotide Phosphate from 
Mitochondna by Milochromc 


Expen 

ment 

Rc 

action 

time 

1 

Reaction muture 

Phosphate split 
from ATP 

Phosphate bound to 
mitochondria 





mtn 


Diftaloms 

mnahms per 
mg protein N 

mixalotns per 
mg protein N 

\ 

3 

Mitochondria ^ P^’ -p albu- 


63 0 




min at 0° 




A' 

3 

Mitochondria ^ P^^ ^t 0° 


52 0 


B 

3 

“ “ -P mito- 


20 0 




chrome at 0° 




C 

3 

Mitochondria-ATP^' at 0° 


4 0 

28 3 

D 

3 

“ -P mito- 


1 2 

13 6 



chrome at 0° 


1 


E 

2 

Mitochondria-ATP^' at 26° j 

1,600 

56 9 

21 1 

F 

2 

“ -p mito- : 

2,700 

15 2 

5 6 



chrome at 26° j 


1 


F' 

7 

({ if 

54,000 

18 7 

4 3 

F" 

12 

« U 

73,400 

16 8 

4 9 


ATP®2 (1 0 /imole = 1 X lO^cpm)® The mitochondria weie centri- 
fuged at 0°, washed once with 0 25 m sucrose, and suspended in 4 ml of 

^ ATP’2 was prepared by the reaction of 0 023 M a-ketoglutarate, 0 0082 si MgClj, 
0 016 SI KCl, 0 0016 SI NaHCOj, 0 0029 si histidine buffer, pH 7 4, 0 0021 si AMP, 
0 00146 SI ATP, 4 me of P^^ in 0 0024 si inorganic phosphate, and 0 6 ml of mitochon- 
dria (2 5 per cent suspension in sucrose) in a total volume of 2 76 ml After 30 min- 
utes of aerobic shaking, the reaction in the Warburg flask was stopped with the 
addition of 1 ml of 20 per cent trichloroacetic acid and the protein precipitate was 
removed by centrifugation in the cold The nucleotides vere precipitated from the 
neutralized protein-free filtrate as the barium salt after addition of 10 mg of pure 
ATP as carrier The barium nucleotides were dissolved in dilute acid, the barium 
was removed with Amberlite resin IR-100, and the efiluent chromatographed over a 
Dowex 1 column according to the procedure of Cohn and Carter (25) The ATP 
fraction isolated was again concentrated by precipitation as the Ba salt Analysis 
unth myosin ATPase and with 7 minute hydrolysis in 1 n HCl showed that both labile 
phosphate groups were equally labeled with P” Solution of the Ba ATP^^ in dilute 
acid and removal of the Ba ion with IR-100 ion exchange resin gave stock preparations 
^ith less than 0 1 per cent of the total counts in the form of inorganic phosphate after 
being stored in the frozen state 
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isotonic sucrose The control mixture contained 2 5 ml of 0 1 m Tns 
buffer, pH 7 4, 1 ml of mitochondiia-ATP^^ suspended m isotomc sucrose, 
and 6 5 ml of 0 25 m sucrose The reaction mixture had, in addition, 5 2 
mg of mitochrome After eqmhbiation at 0° for 3 minutes, the mito- 
chondiia were separated by centrifugation at 10,000 X g, washed twice 
with 5 ml of 0 25 M sucrose, and then suspended in 5 ml of 3 per cent 
HCIO 4 The distribution of between inorganic and nucleotide phos- 
phate in the depioteimzed filtrate was deternuned by measunng the radio- 
activity of the isobutyl alcohol-benzene and water phases obtained with 
the Martin and Doty (26) procedure for phosphate analysis 

At 0° comparatively little ATP is spht by mitochondria even in the 
presence of imtochrome It is evident from Experiments C and D (Table 
V) that about 12 per cent of the total phosphate bound to mitochondria 
was analyzed as inoigamc phosphate after acid denaturation of the mito- 
chondria The rest remained as nucleotide phosphate Since the ATP’’ 
used in the reaction contained less than 1 per cent inorgamc P’^, some of 
the ATP’^ must have been converted to a bound phosphate (^P) The 
addition of mitochiome to mitochondna-ATP’^ discharged from the mito- 
chondria about 70 per cent of ^P and about 50 per cent of the phosphate 
bound as nucleotide 

With the “static” equilibria relative to inorganic and nucleotide phos- 
phate on the mitochondrial surface approximately defined, the nature of 
phosphate bound to mitochondria during the dynamic equihbria that re- 
sult in dephosphoiylation of ATP was of interest Experimental condi- 
tions for the dynamic equilibria are easily attained by merely raising the 
temperature of the reaction of mitochondria with excess ATP’^ to 26 
The reaction mixtures m Experiments E and F (Table V) contained 2 5 
ml of 0 1 M Tns buffer, pH 7 4, 1 ml of imtochondria (4 mg of protein 
N) suspended in isotonic sucrose, 1 ml of ATP’^ (12 4 jumoles), and 5 5 
ml of isotonic sucrose The reaction mixture of Expenment F' bad in 
addition 5 2 mg of mitochiome After the stipulated reaction times, the 
mitochondria weie centrifuged and the total inorganic phosphate in the 
mixtures, as well as the phosphate bound on the mitochondria, were de- 
termined as desciibed previously The data obtained aie summarized m 
Experiments E, F, F', and F" of Table V In the presence of excess ATP, 
with minimal net splitting to inorganic P, the nucleotide P and 
^P on mitochondiia at 26° approximate the maximal values obtained a 
0° in the static state With the addition of mitochrome, both inorganic 
P and nucleotide P are discharged fiom the mitochondria, accompanie 
by an increase in the total ATP hydrolyzed As the reaction 
with time, although theie is a 50-fold increase in the inorgamc P split ro 
ATP, the amount of nucleotide P and ^P bound to the mitochondria. 
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•well as the latio of to nucleotide P, lemains constant within the linuts 
of the expeiiinental eiioi 

Mtlochomc — The dischaige of a bound P from mitochondria by 

nutochiome and the activation of ATP dephosphoiylation by mitochondria 
aftei the addition of nutochiome suggest the intei mediate formation of a 
phosphoiylated nutochiome as one possible explanation foi the catalytic 
effect of nutochrome Many proteins bind ions m a non-specific or “sta- 



Fig 8 Binding of inorganic phosphate by mitochrome 2 ml of solution con- 
taimng 14 3 mg of mitochrome and 0 1 ml of 0 054 m PO 4 (1485 c p m per ml = 
1 /xmole of PO 4 ) -were dialyzed against 50 ml of phosphate buffer, pH 7 3, at varying 
phosphate concentrations in the presence and absence of 0 001 m MgCh for 48 hours 
^uth shaking at 5° The contents inside and outside the dialysis bags were analyzed 
for inorganic phosphate and the radioactivity was determined on 1 ml aliquots by 
counting under conditions of constant geometry The data are reported as the 
moles of phosphate bound per 100,000 gm of mitochrome plotted as ordinate against 
the log of the phosphate molarity outside the dialysis bag as abscissa 

tistical” manner that depends on the nature of the protein and vanes 
pnmanly -with the ionic strength of the environmental media A more 
specific type of ion binding similar to enzyme-coenzyme compound forma- 
tion takes place only at limited sites of the piotein and changes the protein 
so uniquely that it takes on the characteristics of an active enz 3 ane The 
two types of protein and small molecule interaction are not necessarily 
exclusive of each other and may, in fact, act syneigistically With an 
anion-hke phosphate, the possibility exists for a non-specific interaction of 
the ion with nutochrome as well as a specific interaction at a site or sites 
for the transfer of The data presented m Fig 8 demonstrate the 
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non-specific binding of phosphate by mitochrome both in the presence and 
absence of magnesium Although this interaction would necessarily com- 
phcate any attempt to define by tracer techmques a imtochrome-phosphate 
compound formed in the dephosphorylation leaction, this difficulty is nuti- 
gated by the fact that the adsorbed phosphate is dissociated fiom the 
mitochrome at concentrations less than 0 001 m and can be lemoved from 

Table VI 


Phosphate Bound to Mitochrome during ATP Dephosphoi ylation vnth Mitochondria 


Expeninent 

No 

Mitochrome 
added to 
reaction 

Inorganic P 
formed 

i 

Mitochrome 

isolated 

Bound P* 

Atoms P 
Mole 

mitochrome 


mg 

y 

mnmoUs 

tnitaloms 


1 

0 0 

0 7 

1 33 

1 1 

0 83 

2 

0 22 

9 9 

1 4 

1 3 


3 

0 66 

69 0 

2 1 

2 8 

1 33 

4 

1 10 

114 4 

2 8 

3 3 

1 18 

5t 

1 13 

32 0 

8 8 

1 

8 3 

0 94 


Reactions in Experiments 1 to 4 were performed in 2 15 ml of 0 157 M sucrose and 
0 0233 M Tris buffer, pH 7 4, containing 3 7 Mmoles of ATP®^ (50,000 c p m per Matom 
of P), 6 5 mg of nutochondria, and the mitochrome indicated The reaction in E\ 
penment 5 was performed in 4 ml of 0 213 m sucrose and 0 0325 m Tris containing 6 65 
Mmoles of ATP (177,200 c p m per Mutom of P) After 10 minutes incubation at 26°, 
the mitochondria were removed by centrifugation (15,000 X g) at 0° and the mito 
chrome in an aliquot of the supernatant fluid was precipitated by adjusting the solu 
tions to contain 0 05 m MgCb and 20 per cent alcohol at 0° The precipitate was 
centrifuged and washed on a pad of hardened filter paper with 0 05 m MgCU and 20 
per cent alcohol until the counts in the filtrate reached background The filter pad 
was air-dried and the radioactivity determined Protein content of the sample was 
determined by micro-Kjeldahl analysis (13) 

* Corrected for protein and counts found with the isolation procedure for mito- 
chrome applied to zero time reactions of mitochondria in the absence of added mito 
chrome 

t The increased tonicity in this reaction mixture suppressed the diffusion of mito- 
chrome from mitochondria but also inhibited the rate of dephosphorylation 

the protein Isolation of mitochiome from the ATP-dephosphorylating 
reaction mixture after removing the imtochondna was accomphshed by 
precipitating the protein at neutral or slightly acid pH in the presence o 
0 05 M Mg and 20 per cent alcohol When this precipitation is performe 
in the presence of inorganic the imtochrome can be washed free o 
adsorbed phosphate 

The hypothesis of a imtochrome-phosphate intermediate became mo 
plausible with the isolation from the ATP dephosphorylation reac ion 

mixture with imtochrome of a protein with 1 atom of labeled p osp a 
per mole of imtochrome (Table VI) This composition was maintame 
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ovei a 5-fold concentration lange of imtoclirome with over a 100-fold in- 
crease in the splitting of P fioni ATP and undei varying conditions of 
tonicity of the medium Since the phosphate on the mitochiome could 
be recovered as inorganic phosphate after acid denaturation of the pro- 
tein, and since the compound was not formed m the absence of mitochon- 
dna and ATP, it seems reasonable to assume that imtochrome ^P was 
implicated m the dephosphoiylation of ATP This assumption must be 
tempered bj”- cogmzance of the possibilit 3 '- that imtochrome ^P may rep- 
resent a compound X-P that is released from mitochondna dming the 
reaction and copiecipitates with the mitochrome Until such a factor is 
demonstrated, the proposed hypothesis explains the data, albeit expedi- 
ently 


DISCUSSION 

Because of their obvious implications in a concept of cellular energy use, 
attention has been directed tovard those reactions which produce an 
"uncouphng” of phosphorjdation horn oxidation in intact mitochondna 
Our experiments show that mitochrome, a protein component of mito- 
chondria, can act as an apparent “uncouphng” agent by activatmg a “la- 
tent ATPase,” thereby inhibiting aeiobic phosphorylation The oxidative 
phosphorylation mechamsm in mitochondna reacting with mitochrome 
remams essentially intact, since both recovery of phosphorylation and 
inhibition of ATPase activation are obtained when mitochrome rs combmed 
with serum albumin The external action of imtochrome on nutochondna 
might be interpreted, then, as the introduction of an alternative pathway 
for the transfer of phosphate Sufficient evidence is available from the 
tracer experiments to offer a framework for the appraisal of this pathway 

A sunphfied outhne of the phosphate exchange eqmhbna on the surface 
of the mitochondnon is given in Fig 9 Inorgamc phosphate is rapidly 
taken up by nutochondna to form a boimd phosphate (^P) The nature 
of this acid-labile phosphate bond is not known, but current views are that 
the phosphate is directly bound to protein (27) The point of interest is 
that mitochrome discharges this phosphate as inorgamc phosphate pre- 
sumably via a phosphate-mitochrome compound When ATP^^ is added 
to nutochondna, the P^^ components bound to mitochondria are analyzed 
as ATP, ADP, and ^P Unless either ^P oi ADP is removed by some 
reaction, this apparent eqmhbnum might be considered as representative 
of a static state arising with mitochondria that show no ATPase activity 
With the addition of mitochrome and the discharge of ^P, the eqmhbnum 
would be displaced in the direction of inoigamc P and a net dephospho- 
rylation of ATP would occur In this way the addition of imtochrome or 
the diffusion of mitochrome from rmtochondna into the reaction media 
would, m effect, account for a “latent ATPase ” 
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Albumin probably inhibits the decomposition of ATP by blocking the 
dephosphorylation of nutochrome by mitochondria Apparently the 
albuinin-mitochrome interaction does not stop the transfer of ^P from 
mitochondria, since labeled imtochrome ^P can be separated from leac- 
tion mixtures contaimng albumin Ho-wever, the bieakdoxm of nuto- 
chrome ^P to in 01 game phosphate by mitochondria does not take place 
in the presence of albumin A possible explanation is that albumin pre- 
vents the interaction of the nutochrome ^P with dephosphorylating sites 
on the mitochondna by steric hindrance or by a masking of functional 
groups on the protein The activation of ATP dephosphorylation by 
mitochrome is also inhibited when the reactions are earned out in isotonic 


DEPHOSPHORYLATION 


PHOSPHORYLATION 
Mitochondrial Surface 


[Reaction] 
Media J 
P Inorg. i 


Blocked by 
Albumin” ” 


^ P + ADP 
[Mitochrome} 


‘ATP 


(Reactionj 

LJMedia J 
ATP, ADP 


Mitochrome $ P- 


[Hexokinas^ 


Glucose- 6 -P 04 


Fig 9 A scheme for the external action of mitochrome on the phosphate exchange 
equilibria of mitochondria Symbols are defined in footnote 1 

sucrose, suggesting that the dephosphorylation sites on the imtochondnon 
are less available under these conditions It seems reasonable that these 
same sites are also made unavailable to the mitochrome by serum albumin 
when the reactions take place in the hypotonic solutions necessary o 
demonstrate maximal ATP splitting 

By establishing conditions for the removal of electrons from substra e 
and for the passage of these electrons along the electron transport ^ham o 
mitochondria, the reaction equihbna outhned m Fig 9 are shifted m 
direction foi the conversion of inorganic phosphate to ATP This is en 
hanced when bexokmase is added to minimize the back-reaction by r P- 
ping phosphate as glucose 6-phosphate It would appear, ^ ^ 

okmase and external nutochrome act in opposition to each other 
discharging ^P and nucleotide from the surface of the imtochondnon 
* throme ™u,d znake ATP lesa avazlab.e for the he— 
and effect a decrease in oxidative phosphorylation efficiency 
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the same factois that inactivate ATP dephosphoiylation when albumin 
IS combined with mitochiome (^ e shift equihbiium to the right) also op- 
eiate to reestablish phosphorylation efficiency 
Although the isolation of mitochrome made possible studies in mtro that 
helped explain ceitain properties of isolated mitochondria like the rapid 
loss of phosphorylation efficiency and the introduction of a “latent ATP- 
ase,” it also opened the question of the physiological function of this new 
heme piotem Mitochiome exists piimaiily within mitochondiia It is 
difficult to conceive of its function theie as an activator of ATP dephos- 
phorylation, and it seems more reasonable to asciibe the external action of 
mitochrome to the fortuitous interaction with enzymes from which it 
IS normall}’’ shielded Instead, the presence of a heme group that can be 
reduced and reoxidized and its apparent involvement in a high energy phos- 
phate transfer mechanism suggest that mitochi ome may play an important 
role in the utilization of energy from the respiratoiy enzymes within 
mitochondiia that is of greater interest and importance than its external 
action on nutochondiia 


SUMMARY 

A new chromoprotein, mitochrome, released from nutochondiia after 
aging or other degradative processes, was isolated in purified form From 
measurements of the partial specific volume, the diffusion constant, and 
the sedimentation constant, the molecular weight of mitochrome was esti- 
mated at 107,000 in agreement with the value of 102,000 calculated from 
the iron content of 0 055 per cent, assuming 1 atom of iron per mole of 
mitochrome 

Electrophoretic studies indicated a single component protein over the 
pH range both on the acid and alkahne side of the isoelectric point at pH 
51 

Spectrophotometric analysis revealed two dominant bands for nuto- 
chrome at 280 and 410 m/i The heme component was reduced by Na 2 - 
S 2 O 4 with a concomitant shift of the absorption maximum to 422 m/i 

Electrophoretic and sedimentation expenments furnish evidence foi a 
protein-protein interaction between mitochrome and serum albumin 

Eqmhbnum dialysis expenments indicate a binding of phosphate by 
mitochrome that depends on the concentration of the phosphate ion 

The addition of mitochrome to mitochondna reacting with substrate 
and hexokinase in a manner to demonstrate aerobic phosphorylation pro- 
duced an inhibition of the amount of phosphate esterified that was propor- 
tional to the amount of mitochrome m the reaction This inhibition was 
released by serum albumin 

The addition of mitochrome to mitochondria under anaerobic conditions 
with adenosine triphosphate as a substrate caused a net dephosphorylation 
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of adenosine tnphospliate to inorganic phosphate Tins activation was 
inhibited by serum albumin 

Kinetic and radioactive tracer studies are interpreted to indicate that 
mitochrome functions as an activator for adenosine tnphosphate dephos- 
phorylation by dischaiging both phosphate and nucleotide from the 
surface of the mitochondria The phosphate discharge takes place presum- 
ably through the intermediate formation of a phosphate-mitochrome com- 
pound These reactions suggest that mitochrome acts externally on mito- 
chondria by introducing an alternative pathway for the flow of high energy 
phosphate 
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THE ]\IETABOLISM OF HISTIDINE 
I EFFECTS OF VITMIIN Be AND OF BIOTIN DEFICIENCY* 
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Histidine is unique among the commonly occurring amino acids in that 
a major loute (1) of its catabolism in the animal organism involves direct 
lemoval of the armno group to form an unsatuiated compound, urocamc 
(imidazoleacr 3 ’-hc) acid, and ammonia This may be consideied as straight 
deammation in contiast to oxidative deamination and transamination re- 
actions which have been described for most amino acids In the latter 
reactions, nboflavin deiivatives (2) and pjmdoxal phosphate (3), respec- 
tively, have established coenzyme roles Little is known, however, of the 
part that vitamin B derivatives play in straight deamination of ammo 
acids 

Biotin has been imphcated as a cofactor of bactenal enzyme systems by 
which aspartic acid is deaminated to form fumaiic acid (4) The action 
of aspartase in bacteiia is analogous to that of histidase in mammahan and 
other species 

R— CHj— CH— COOH R— CH=CH— COOH + NIL 

I 

NHz 


where 

R = HOOC — in aspartic acid (aspartase) 
R = HC =C — in histidine (histidase) 


N NH 

\ / 

C 

I 

H 

Thayer and Horowitz (5) leported a seveial fold increase m the amount 
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of L-amino acid oxidase produced by Newospora grown in the piesence of 
limited, as compared with higher, concentrations of biotin The oxidase 
was moie active towaid histidine than towaid other ammo acids tested 

In view of these relationships of biotm and of the multiple role of vitamin 
Be derivatives m anuno acid metabolism, it was of interest to investigate 
the effects of deficiencies of each vitamin on liver enzyme systems con- 
cerned with the straight dearmnation of histidine In addition to histidase 
and urocanase, levels of aspartic-glutaimc transaminase and ihodanese 
weie measuied Rhodanese, which is not known to be hnked to any ma- 
jor metabolic process, xvas assayed as an index of possible effects of the 
vitaimn deficiencies on enzyme protein synthesis The levels of trans- 
aminase provided an estimate of the degree of vitamin Be deficiency in 
the tissues of the animals fed diets lackmg m this vitamm 

From these studies, evidence has been obtamed that an adaptive in- 
crease m hver histidase accompames depletion of vitamm Be or biotin in 
the tissues of the rat It was also found that histidase, urocanase, and 
rhodanese activities per gm of hver increase during normal growth 

EXPERIMENTAL 

Pyndoxtne Dejictency — Male, white lats of the Wistar strain (imtial 
weight, 40 to 50 gm ) were fed a high protein (40 per cent casein) diet, 
devoid of pyridoxine, which contained deoxypyndoxme and isoniazide 
The diet contained, m addition to the casein, in gm per 100 gm , sucrose 
45 8, powdeied cellulose 5, salts (6) 2, corn oil 4, cod hver oil 2, chohne 
0 2, and vitanun inixtuie 1 In the vitamin mixture for the control ani- 
mals were 50 mg each of pyridoxine hydrochloiide, thiamine hydrochlonde, 
and riboflavin, 20 mg each of biotm and fohc acid, 200 mg each of niacin, 
calcium pantothenate, and p-aminobenzoic acid, 20 gm of inositol, and 
powdered sucrose to make 100 gm The vitamm mixture used m the diet 
for the deficient anunals xvas the same, except that pyridoxine was omitted 
and 100 mg each of deoxypyndoxme and isomazide were added per 100 
gm The intake per 10 gm of food was thus 50 7 of pyiidoxine hydrochlo- 
iide or 100 7 of both of the antagonists After 18 days of feedmg of the 
deficiency diets, the usual symptoms (7) of pyndoxme deficiency x\Tre 
obsenred The ammals were killed at intervals durmg the folloxving 10 
days 

One group of ammals was fed ad libitum up to a maximum of 10 gm 0 
food per day per rat A second group was pair-fed Several animas 
died m severe deficiency states Data were obtamed from ten control an 
five deficient animals fed ad libitum and from eight pairs of the pair- e 

group f 

Since the mean body weight of the deficient anunals, at the time 
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death, ^^as less than half that of the control rats (54 gm versus 115 gm in 
the pan-feeding expenment), gioups of noimal rats of sinulai weight ratios 
weie also studied Twelve rats each Avere fed 10 gm pei day of the con- 
tiol diet Foui of these animals were killed during 1 week to provide a 
group of aveiage iveight of 75 gm , the remainder Avere killed 2 or 3 weeks 
later, at AAdiich time the mean body weight was 164 gm 
Biolin Deficiency — Othei male rats (initial weight 40 to 48 gm ) were 
fed diets smnlar to that described for the pyridoxme-control animals, except 
that casein was leplaced by commercial dried raw egg white Biotin was 
onutted from the Autamin mixture used in preparation of the deficient diet 
foi half of the lats The remainder served as controls and were given 40 
7 of biotm by mtraperitoneal injection three times a week dunng the ex- 
perimental penod The animals were pair-fed After 7 weeks of dietary 
control, those which received no biotin exhibited vanous signs of biotin 
deficiency (8) Data were obtained from nine pairs The average of the 
weights of the deficient animals at time of death during the 8th week was 
122 gm , that of the control animals, 146 gm 
Assay Procedures — The rats were killed by decapitation A portion of 
hver was taken for determination of total nitrogen (Kjeldahl method) and 
of dry weight (overnight at 105°) The remainder was ground with 5 
volumes of cold 1 per cent KCl solution per gm of tissue in a Potter- 
Elvehjem homogemzer immersed in an ice bath After removal of an ah- 
quot for rhodanese determination, the homogenate was centrifuged at 
6000 X g for 10 minutes at 0° Histidase, urocanase, and aspartic-glu- 
tamic transaminase were measured in the supernatant flmd 
The maximal rates of formation (at pH 9 2) and of disappearance (at 
pH 7 4) of urocamc acid, as measured at 277 my., the absorption maximum 
of the latter, were used to determine histidase and urocanase levels, re- 
spectively Portions of supernatant material (0 05 or 0 10 ml ) were incu- 
bated with histidine or urocamc acid and buffer in 1 cm Beckman cells 
as described by Mehler and Tabor (1) 

For determmation of transaminase activity, the coupled reaction scheme 
Avas utfiized in which the rate of oxalacetate formation is followed by con- 
version of the latter to malate in the presence of excess mahc dehydrogenase 
Avith the concomitant oxidation of reduced diphosphopyridme nucleotide 
(DPNH) The rate of disappearance of DPNH was measured at 340 m/i 
The proceduie and reagents Avere essentially those descnbed by Karmen 
(9) for determination of serum transaminase, except that 2 0 ml of 0 1 m 
phosphate buffer, pH 7 4, Avere used in a total volume of 3 0 ml 0 1 ml 
of a solution made by diluting the supernatant flmd 25-fold was used in 
place of serum 

For assay of histidase, urocanase, and aspartic-glutamic transaminase. 
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the temperature of incubation was 28° Increase in temperature due to 
heat output from the hydrogen lamp of the Beckman DU spectrophotom- 
eter was minimized by insertion of the standaid test tube attachment 
between the hght source and cuvette holder Preparations from deficient 
and correspondmg contiol animals were usually analyzed simultaneously 
or mthin 1 hour of each other 

Rhodanese activities were measured by thecolonmetiic method of Cosby 
and Sumner adapted by Rosenthal et al (10), modified as suggested by 
Rosenthal and Vars (11) by the use of 0 1 m 2-anuno-2-methyl-l,3-pro- 
panediol sulfate buffer, pH 8 8 0 1 ml portions of one to five dilutions 

of the whole homogenates were used for analysis Temperature of incu- 
bation for rhodanese was 20° 

Urocamc acid was made by enzymatic deamination of histidine with 
pieparations from histidine-adapted strams of Pseudomonas fluorescens (1, 
12) The molar extmctxon coefficients (at 277 mju) of the products ob- 
tained fiom several runs were between 18,500 and 18,600 In subsequent 
calculations, the latter figuie was utihzed for histidase and urocanase, and 
the extinction coefficient for reduced diphosphopyndme nucleotide re- 
ported by Horecker and Kombeig (13) was used for transammase activi- 
ties 

Enzyme activities were calculated in terms of micromoles of substrate 
destroyed per minute per gm of liver, a unit bemg the amount of enzyme 
which catalyzes the destruction of appropriate substrate at the rate of 1 
/imole pel rmnute under the conditions used Differences between the 
groups of animals were smular, whether activities were expressed as units 
per gm of wet or dry weight or of total mtrogen of hver, or were based 
upon the protem content of the supernatant fluid fiom the homogenates 
The averages of the dry weights of hver tissues from the pyndoxine-defi- 
cient rats and their pan-fed controls and from the biotin-deficient rats and 
the pan-fed controls were respectively 30 9, 29 3, 31 3, and 31 9 per cent, 
corresponding values for per cent total nitrogen were 3 67, 3 76, 3 85, and 
3 90, averages for protem content of supernatant flmds, determined ac- 
cording to Lowiy et al (14), were 18 2, 18 1, 19 3, and 18 4 mg per ml , 
respectively 

Results 

In Table I is a summary of the data obtamed for histidase, urocanase, 
aspartic-glutamic transaminase, and rhodanese m the livers of vitamm 
Be-deficient and control rats Only histidase and urocanase were deter- 
mined m the hvers of the anunals fed ad hhitum The results were so 
similai to those obtamed with the pair-fed rats that they are prese^e 
together m Table I Due to mampulative losses, values for aspa ic 
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glutamic tiansarmnase and ihodanese weie available from only seven of 
the eight pans of rats of the pan -feeding expeiiment 
The levels of histidase in the liveis of the deficient animals aie signifi- 
cantly greatei than in hvers of contiol rats The depiessed levels of tians- 
aminase are legaided as evidence of decreased effective amounts of tissue 
pjuidoxal phosphate The similaiity of rhodanese and urocanase concen- 
tiations in both gioups is mterpieted to mean that hver enzyme piotem 
S 3 mthesis was not generall 3 '' affected by lack of pyridoxal phosphate 
Although the deficient animals weie of the same age as the control rats, 


Table I 

Enzyme Levels in Livers of Vitamin B ^-Deficient and Control Bats 


Enzyme 

Diet 

No of 
animals* 

Range 

Mean 

Rt 




units per gm t 

units per gm 


Histidase 

Control 

18 

0 232-0 426 

0 315 

<0 01 


Deficient 

13 

0 244-0 702 

0 415 


Urocanase 

Control 

18 

0 298-0 617 

0 377 

>0 05 


Deficient 

13 

0 236-0 458 

0 362 


Aspartic-glutamic 

Control 


36 1-77 0 

61 6 

<0 01 

transaminase 

Deficient 


10 6-21 4 

18 1 


Rhodanese 

Control 


496-731 

605 

>0 05 


Deficient 

■i 

480-623 

647 



* These numbers include both rats which were fed ad libitum and those which were 
pair-fed for histidase and urocanase, and pair-fed rats for transaminase and rhoda- 
nese 

t Probability level according to Fisher’s "t” test (15) 

t Micromoles of substrate destroyed per minute per gm of liver (see the text) 
histidase, pH 9 2, 28°, urocanase, pH 7 4, 28°, transaminase, pH 7 4, 28°, rhodanese, 
pH 8 8, 20° 

they weighed considerably less The elevated levels of hver histidase, 
however, cannot be ascribed to differences in body weight As shown in 
Table II, concentrations of this enzyme, as well as of urocanase and iho- 
danese, are normally lower m smaller than in larger (older) lats Aspartic- 
glutamic transaminase activities per gm of tissue did not change signifi- 
cantly with age durmg the penod studied 

In Table III are comparable data for biotin-deficient and pair-fed con- 
trol lats Histidase levels were also somewhat elevated in the hvers of 
ammals deficient m biotin The diffeiences are significant at a probabiht 3 ’^ 
level of between 1 and 5 pei cent, according to Fishei’s “t” test (15) 
Urocanase, aspartic-glutamic tiansaminase, and ihodanese activities were 
not significantly different from control values 














446 


HISTIDINE METABOLISM 


Table II 


Enzyme Content of Rat Liver 


Weight of rat 

Histidase 

Urocanase 

Aspartic 

glutamic 

transaminase 

Rhodanese 

Total 

nitrogen 

gm 

unit per gm * 

unil per gm 

untls per gm 

units per gm 

per cent 

64 

0 188 

0 184 

53 4 

363 

2 71 

71 

0 230 

0 294 

46 8 

483 

3 49 

80 

0 221 


61 2 

517 

3 53 

87 

0 184 


58 4 

361 

3 13 

Mean 

0 206 

0 253 

55 0 

431 

3 22 

142 

0 291 

0 348 

1 

66 7 ! 

575 

3 66 

148 

0 392 

0 405 

47 9 

799 

3 84 

148 

0 396 

0 524 

58 0 

834 

3 98 

164 

0 315 

0 353 

42 8 

651 

3 48 

174 

0 304 

0 396 

51 6 

549 

3 44 

176 

0 322 

0 396 

44 9 

578 

3 40 

180 

0 386 

0 469 

55 7 

750 

3 95 

183 

0 386 

0 405 

49 9 

674 

3 67 

Mean 

0 349 

0 412 

52 2 

676 

3 68 


* Micromoles of substrate destroyed per minute per gm of liver (see the text) 
histidase, pH 9 2, 28°, urocanase, pH 7 4, 28°, transaminase, pH 7 4, 28°, rhodanese, 
pH 8 8, 20° 


Table III 

Enzyme Levels in Livers of Biohn-Deficient and Pair-Fed Control Bats* 


Enzyme 

Diet 

Range 

Mean 

Pt 

Histidase 

Control 

units per gni t 

0 171-0 325 

units per gm 

0 241 

<0 05, >0 01 

Urocanase 

Dehcient 

Control 

0 208-4) 462 

0 213-0 342 

0 303 

0 284 

>0 05 

Aspartic-glutamic 

Deficient 

Control 

0 207-0 421 

26 5-80 9 

0 314 

50 7 

>0 05 

transaminase 

Deficient 

40 5-74 2 

57 1 


Rhodanese 

Control 

557-750 

669 

>0 05 


Deficient 

468-744 

645 




* Nine pairs 

t Probability level according to Fisher’s test (15) 

i Micromoles of substrate destroyed per minute per gm of liver (see the ex 
histidase, pH 9 2, 28°, urocanase, pH 7 4, 28°, transaminase, pH 7 4, 28 , rho anc 
pH 8 2, 20° 
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The disparity between mean enzyme concentiations in the livers of the 
two sets of contiol animals of the vitamin Be and biotin deficiency studies 
IS believed to be related to the dietary protein sources used This question 
will be consideied in a subsequent paper 

DISCUSSION 

Dietai^'^ vitamin Bo is lequired for maintenance of the liver enzyme 
system by which histidine undeigoes transamination in the rat (16) The 
observed elevation in histidase levels in the livers of the pyridoxine-deficient 
animals is intei preted as an adaptive increase in this enzyme which cata- 
tyzes straight deamination in response to denial of a route of degiadation 
of histidine which is pyridoxal phosphate-dependent, i e , transamination 
The inciease in histidase levels m the livers of rats made deficient in 
biotm IS analogous to the adaptive increase m L-amino acid oxidase pro- 
duction by Neurospora grown in media which contained limited amounts 
of this vitamin These findmgs would seem to implicate biotm in some, 
as yet undiscovered, role in amino acid metabohsm 
In early work, Edlbacher and Becker (17) observed increased levels of 
histidase in livers of thiamine-deficient animals Conflicting reports (18, 
19) have appeared from Japanese workers as to the effect of fohe acid in 
activation of partially purified preparations of liver histidase Ichihara 
et al (20) have leported a summary of experiments in which hver histidase 
was decreased in rats fed diets contaimng Aimnoptenn or which were low 
in folic acid Addition of fohe acid and glutathione to crude enzyme prep- 
arations from these animals restored activity to levels found in control 
rats The data were based upon disappearance of histidine in vanous 
incubation mixtures rather than on the rate of formation of urocanic acid 
It is of interest that histidase, urocanase, and rhodanese are increased 
to a greater extent than the total hver nitrogen during rapid growth, 
whereas aspartic-glutamic transaminase levels remain unchanged The 
observed increase in histidase is in agreement with the findings of Ross 
and Ely (21) Cohen and Hekhms (22) found higher levels of transaminase 
in the livers of older, as compared with younger, cats Beaton et al (23) 
reported that hver aspartic-glutamic transanunase levels increased with 
age, however, the lats in their study were older (? e , weighed more initially) 
than the ones used in the present work 

SUMMARY 

1 Significantly elevated levels of histidase accompanied decreased levels 
of aspartic-glutamic (and presumably of histidine) transaminase in the 
livers of vitamin Be-deficient lats Urocanase and rhodanese concentra- 
tions were little different from control values 
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2 Liver histidase levels were also higher in biotm-deficient than in cor- 
responding control rats (with a difference significant at a probability level 
of between 5 and 1 per cent) No significant difference was noted in 
aspartic-glutamic acid transaminase, in urocanase, or m rhodanese concen- 
trations 

3 Concentrations of fiver fiistidase, uiocanase, and rfiodanese, but not 
of aspartic-glutamic transaminase, increase during rapid growth of the rat 

4 Changes in enzyme activity are discussed in terms of metabolic adap- 
tation to depletion of tissue cofactors 

The expel t technical assistance of Mrs Donna BuUock and of Mr Leo 
R Black IS gratefully acknowledged We should hke to thank Dr Harry 
Vars and Dr Otto Rosenthal for suggestions regardmg the rhodanese 
procedures, and Dr Alan H Mehler for cultures of histidme-adapted 
Pseudomonas used m this work 
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In an earlier paper (1) lie discussed the infraied absorption spectra of 
some hpopioteins and related lipides, and described a crude analytical 
procedure which included uifrared spectrophotometiic measurements of 
the mam hpoprotem constituents which were separable by simple solvent 
extraction To place this method on a fii’mer, moie useful basis, one of 
the steps proposed was to achieve a better separation of the hpide com- 
ponents by the use of chiomatography We have attempted this with 
use of sihcic acid-Cehte adsoiption columns in essentially the manner 
described by Borgstrom (2) Analysis of the eluted fractions by infraied 
absorption measurements provides a useful complement to the chiomato- 
graphic separation, and the combination of these two techmques provides 
an mtegrated system of hpide analysis Brief outhnes of the method have 
been given elsewhere (3, 4), and the results obtained in the study of 
hpoprotem composition have also been presented (5) 

The method is capable of yieldmg much information from a smgle 
relatively small hpide sample by the use of a set of unifoim operations 
For appropriate purposes, and with due consideration of the requirements 
of accuracy, it can replace several separate chemical determinations, i e , 
total fatty acids, free fatty acids, total cholesterol, free cholesterol, and 
hpide phosphorus In so far as degradation can be avoided during han- 
dhng, the method is non-destructive of the hpide components, which are 
stiU available for other investigations or tests We have apphed the 
procedure with some success in studying the compositions of samples as 
small as 5 mg of total hpide extracted from serum or from serum fractions 
and further reduction in scale appears to be possible 

The accuracy obtainable is subject to some variation among the various 
components, depending on the amount present and, to some extent, on the 
composition of the mixture Specific factors bearmg on the accuracy wdl 
be pomted out later, but it may be indicated here that ±10 per cent is a 
rough working estimate for the probable error for any component present 

* This work was supported in part by the United States Atomic Energy Commis- 
sion 

t Public Health Service Research Fellow of the National Heart Institute 
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to the extent of at least 0 5 mg and which comprises moie than 10 pei 
cent of the total hpide 

If a measurement of only one hpide component (e g cholesteiol) is desired, 
the present method offers no advantage ovei established chenucal methods 
Glycerides may be an important exception, howevei, since they are mea- 
sured directly as esters m a fraction from which other classes of esters have 
been separated 

The estimation of total phosphatides m serum has been reasonably con- 
sistent with hpide phosphorus determinations Work is in progress on a 
detailed analysis of this class of hpides, and information should be obtained 
relative to the vahdity of this measurement for more vanable types of 
phosphatide distributions Until such information becomes available, 
the apphcation of this method to other hpide systems, such as tissue 
extracts, should be made with caution 

EXPERIMENTAL 

The procedure wdl be described for the treatment of a 1 ml serum 
sample, ordinarily yielding 5 to 10 mg of total hpides For largei samples 
the operations should be scaled up proportionately with respect to size of 
column, quantity of adsorbent, and volumes of extracting and eluting 
solvents (A 2-fold vanation m amount of hpide for a given set of column 
conditions is apparently tolerable with respect to the quoted over-all 
accuracy of the method ) 

Materials — ^AU solvents used were of good reagent grade Ethyl ether 
was freed from peroxide The Cehte was analytical Filter-Aid, Johns- 
Manville The sihcic acid was c p precipitated 

Purity of solvents can be checked by recording the infiared spectra of 
their non-volatile residues Complete solvent blanks may also be run and 
the absorbances determmed at the analytical wave lengths for each eluted 
fraction Corrections may be applied if necessary, or further punfication 
carried out if indicated 

The adsorbent is prepared by sifting and mixing together thoroughly 2 
parts (by weight) of sdicic acid and 1 part of Cehte, washing the mixture 
with methanol, drymg it, and finally heating it to 120° for 24 hours It 
may be stored in a closed vessel or, preferably, in a desiccator 

Extraction of Lipides — ^Any method which extracts the hpides completely 
would presumably be satisfactory, except that, in order to attain complete 
extraction, considerable amounts of non-hpide substances are also extracte 
Excessive amounts of such impurities are undesnable, and some provision 
should be made for removing them The two-phase method describe 
below appears to be satisfactory in removing these impurities, and it a so 
allows acidification to msure that free fatty acids are exti acted in 
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caibo\yl foim (If the lattei consideiation is of no interest, acidification 
may be omitted ) 

The piocedure is as follows 4 ml of methanol aie measured into a clean 
40 ml sciew-capped vial, the cap being lined with a thin disk of polyethyl- 
ene 01 Teflon 1 ml of seium is pipetted slowly into the methanol, which 
is gently shaken and swirled The vial is placed in a hot water bath or 
heating block at 50-60° for about 15 minutes Aftei cooling, 5 ml of water 
and 20 ml of ethyl ethei are added The vial is then tightly capped and 
shaken in a mechanical shaker for 4 nunutes The phases are separated 
bj’- centiifugation and the ether layei is siphoned off into a 125 ml Erlen- 
meyer flask The aqueous layer is acidified with 6 drops of 6 n HCl, and 
the extraction is twice repeated with 15 ml of ethyl ether The combined 
ethei extracts are evaporated to dryness at room temperature The 
maintenance of a nitrogen atmosphere during this and subsequent evapora- 
tions does not appear to be necessary for the present level of accuracy but 
IS a desirable precautionary measure, especially if tests other than infrared 
measurements are contemplated (see “Results and discussion”) ' 

Chromatography — For a 5 to 10 mg lipide sample, the type of adsorption 
column used consists of a vertical glass tube about 15 cm long and 5 mm 
in mner diameter, with the lower end drawn to a fine tip and plugged with 
glass wool The adsorbent (0 25 to 0 30 gm ) is added most conveniently 
as a thin suspension m hexane The amount can be controlled with 
sufficient accuracy by determimng the reqmred column height (about 
35 mm ) and adjusting it to that level Packing is accomphshed by the 
apphcation of pressure from a rubber bulb or from a low pressure nitrogen 
or air hne During this step, and throughout the remainder of the chro- 
matographic operation, the solvent level should not be allowed to faU 
below the top of the adsorbent bed The sample is transferred quantita- 
tively to the column with three or four small portions of hexane The 
final rinsing of the flask may be made with the first elution solvent, 5 per 
cent chloroform m hexane 8 ml of 5 per cent chloroform in hexane are 
then passed through the column to elute Fraction I, which is collected 
ui a 15 ml centrifuge tube (For this sized column we have found it 
convement to couple the top of the tube to a 10 ml synnge contain- 
ing the reqmred volume of solvent The coupling consists of a rubber se- 
rum bottle closure which fits the top of the tubmg as a cap This is pierced 
with a short hypodermic needle and mounted in a plastic frame in the 
proper orientation, so that the column fits on the under side with the needle 
projecting a short distance down into it The syringe is fitted to the 
needle from above and is held m vertical ahgnment by a nng or clip A 
small brass weight, recessed on the bottom to fit over the plunger of the 
syrmge, serves to apply pressure to the column Smce the system is closed. 
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the solvent in the column stops flowmg after the plunger reaches the bot- 
tom of the cyhnder Accidental drying out of the adsorbent is thereby 
effectively prevented, and close attention to the solvent level is not 
required ) 

After the elution of Fraction I, Fraction II is eluted with 8 ml of CHCI3 
Fraction III is eluted into a third tube with 8 ml of methanol All the 
fractions aie evaporated to dryness under a hood at a temperatuie not 
exceedmg 60° A current of nitiogen may be used to hasten the evapora- 
tion Fraction III is often contaminated with a small amount of adsorbent 
particles from the column which may become evident before or dunng evap- 
oration This IS removed by centrifugation after about half of the meth- 
anol has evaporated After evaporation, it is necessary to nnse down the 
walls of the tubes carefully with small amounts of chloroform and agam to 
evaporate to dryness If it is not possible to proceed with the infrared 
measurements witlnn a few hours, the samples should be stored m a vac- 
uum desiccator 

Infrared Measurements — ^AU of our measurements have been made with 
a Baird Associates double beam recording spectrophotometer equipped 
with a sodium chloride pnsm The absorption ceU used has an optical 
path of 0 9 mm and a volume of 0 15 ml 

For infrared measurement, the Sample (eluted fraction) is bi ought into 
solution m a known volume of carbon disulfide,^ and transferred to the 
absorption cell The measurement of solution volume is made in one of 
two ways, depending upon the sample size The larger samples, amounting 
to about 2 mg or more, are quantitatively transferred to cahbrated volu- 
metric tubes of 0 5, 1 0, or 2 0 ml capacity by usmg capillaiy pipettes and 
small volumes of carbon disulfide With the smaller samples (1 mg or 
less), a graduated 0 2 ml pipette can be employed as the measunng device 
Approximately 0 2 ml of carbon disulfide is added to the sample m the 
centrifuge tube, and the tube is swirled and agitated The solution is 
drawm up completely into the pipette, the volume is noted, and the cell is 
filled directly from the pipette It is helpful to have the tip of the pipette 
drawn or ground to a size to fit the cell opemng The pipette is operated 
by a 0 25 ml syringe to which it is coimected by plastic tubmg 

The spectrum of each eluted fraction, in a measmed volume of CS 2 , is 
recorded from 5 to 11 n Over the bands whose absorbances are to be 
measured, the scanmng rate should be slow enough to allow full response 
of the recorder In our instrument, speeds of 2 to 3 minutes per micron 
have been used The use of a cell contaimng pure solvent in the reference 
beam is optional, smce, for the desired precision, it is necessaiy m eit er 
case to run background curves of solvent contained m the sample ce 

1 All operations with CS2 should be earned out under a hood 
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Absorbances at the specified absorption maxima aie calculated m the 
customaiy way as logm {To/T,), wheie To= transmittance of the solvent 
and T,= tiansnuttance of the sample solution 
Tj'-pical spectra obtained foi the chiomatographic eluates of a seium 
hpide sample aie shown m Fig 1 (The region from about 6 to 7 5 p is 



Pig 1 Infrared spectra of serum Iipide fractions eluted from sihcic acid-Celite, 
cell thickness, 0 9 mm A, solid line, Fraction I, cholesteryl esters, 5 2 mg in 1 0 
ml of CSz, broken line, CSz transmission curve B, solid line, Fraction II, 
glycendes, 0 87 mg , free fatty acids, 0 36 mg , cholesterol, 1 53 mg , volume of CSz, 
0 2 ml , broken line is a similar fraction in which free fatty acids are not present in 
sufficient amounts to give a discrete band at 5 85 /z C, Fraction III, phosphatides, 
2 28mg in0 5ml of CSz The lower case letters indicate the principal bands used for 
measurement 

obscured by a strong absorption band of CSz ^-nd has been deleted ) The 
dotted curve m Fig 1, A is the solvent transmission curve 

Fraction I (Fig 1, A) consists of cholesteryl esters Their concentration 
IS determined by measunng the peak absorbance of either the 5 8 p band 
or the 8 55 p band and reading from the appropriate cahbration curve 
(absorbance versus concentration, see below) 

Fraction II (Fig 1, B) contains glycendes, unesterified fatty acids, and 
unesterified cholesterol For three components it is necessary, in general, 
to use three absorption bands, each calibrated for all three components 
In this instance the problem is simplified in that the absorption of choles- 
terol at 5 75 and 5 85 p is extremely small and can be neglected. These 
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two absorption bands can therefore be used to calculate fat (glycendes) 
and fatty acids as a two-component system This is most conveniently 
done by means of hnear simultaneous equations (see Mellon (6)), proAoded 
the Beer’s law relationship holds Briefly, the calculation involves first 
writing the equations for the absorbances Ai and A 2 (at wavelengths 1 
and 2) as functions of the concentrations and the slopes (a = A/C) of the 
calibration curves 


Ai — ffliiCi 012C2 

j 4,2 “ CL21O1 

The cell thickness is a constant term implicit in aU of the a values 
Solution of these equations gives exphcit expressions for the concentration 
m terms of the measured absorbances and a set of constants denved from 
the a values 


Cl — kiAi -}- 
Ci = fcsAi -j- kiAi 

If we substitute a typical set of calibration values, the equations become 

■46 76 ;i = 0 100 Cp 4" 0 016 CpA 

■4.6 86 ^ = 0 009 Cj? + 0 166 Cfa 

where Cp— concentration of fat and Cfa— concentration of fatty acids 
The solutions in terms of numerical constants and measured absorbances 
are 

Cp — 10 07 ^6 76 — 0 97 Ah 86 
CpA — — 0 55 Ah 76 + 6 09 4.6 86 

Such a set of equations need be obtamed only once for a given set of 
calibration data and may be used as long as the slopes of the A versus C 
curves do not change 

After determimng the concentrations of fat and fatty acids, the contribu- 
tions of these two components to the absorbance at 9 5 m are calculated 
from their cahbration curves at that wave length These quantities are 
apphed as corrections to the measured absorbance of the cholesteiol peak 
In the paiticular cell for which the above cahbration data were obtaine , 
the A/C values at 9 5 /x were 0 010 and 0 006 for fat and fatty acids, re- 
spectively Thus, for example, 

4.9 6 (corrected) = 49 6 (measured) — 0 01 Cp — 0 006 Cfa 

By using this coirected value, the concentration of cholesterol can befovnd 
from its cahbration curve The low order of accuracy in the determina 101 
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of this component lesults partly fiom the fact that the measured absorbance 
at 9 5 R IS usuallj-^ small (foi the conditions desciibed), and partly from the 
necessity foi appl 3 ung a double collection 

If the amount of fiee fatty acids is so small that no absoiption peak at 
5 S5 M IS lesolved from the glyceiide band, the measuiement of absorbance 
at that point becomes inaccurate Howevei, it is possible to make an 
estimate of the uppei limit of free fatty acids and ignore their contribution 
to the glj'^ceiide band at 5 75 /n The absoibance of that band can be used 
diiectlj'^ foi the estimation of glycerides from the appropriate calibration 
curve Onl}’- one correction need then be applied to the 9 5 r cholesterol 
band 

Fi action III contains the phosphatides, and their total concentration is 
detei mined from the absorbance of the 9 35 band 

Once the concentration of any component in the cell has been found from 
the mfraied measuiements, that value is multiplied by the volume of CS 2 
used This gives the actual weight of that component, z e , the weight of 
the component = the concentration m cell X volume of CS 2 The con- 
centration of the component in the original sample, eg m mg per 100 
ml , IS given by mg per cent = (mg X 100)/ (volume of sample) 

Calibration — The spectra of the substances used as reference standaids 
are shown m Figs 2 and 3, A The principal calibration bands are indi- 
cated by lower case letters, which serve to identify the bands with the 
corresponding ones in the lipide fraction spectra m Fig 1 and -with the 
calibration curves m Fig 4 

In order to prepare calibration curves (absorbance versus concentration), 
it IS necessary to choose some representative lipide of each class as a 
standard and to demonstrate that reasonable or anticipated variations in 
structure or fatty acid composition do not strain the himts of accuracy 
imposed by other methodological factors Of the components being 
measured, only cholesterol can be dealt with as a specific chemical com- 
pound 

With fatty acids, for example, one uses the 5 85 ju absorption band, 
which IS a measure of carboxyl groups Hence it is necessary, just as in 
titration, either to express the results on a molar basis or to make assump- 
tions about the nature of the mixed fatty acids and their average molecular 
weight We have chosen the latter alternative in using oleic acid as a 
calibration substance smce its molecular weight is reasonably close to an 
average for the fatty acids found in extracted serum hpides We have 
verified that calibration curves for launc, pahmtic, steanc, and elaidic 
acids are all m substantial agreement with the oleic acid curve when their 
slopes are adjusted by using molecular weight ratios as multiplying fac- 
tors 
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Similarly, the 5 75 and 5 8 /i carbonyl absorption bands are measures of 
ester groups We have used commercial ohve oil as a repiesentative 
tnglycende and find satisfactory conformity with its cahbration curve by 



Fig 2 Fig 3 

Fig 2 Infrared spectra of non-phosphatide reference materials from 5 to 11 m 
CS2 solutions, cell thickness, 0 9 mm The lower case letters indicate the principal 
bands used for measurement A, cholesteryl laurate, 7 16 mg per ml , m p 77-78 , 
prepared by estenfication of cholesterol with launc acid B, cholesterol, m p 149 ; 
repurified via dibromide 11 67 mg per ml C, ohve oil (commercial), 4 96 mg 
per ml D, oleic acid (Hormel Institute), 2 50 mg per ml The broken line m Fig 
A 18 a CSs transmission curve 

Fig 3 Infrared spectra of phosphatide constituents from 5 to 11 /i, cell thickness, 
0 9 mm for A and C A, egg phosphatides, reprecipitated several times with acetone, 
4 17 per cent P, 6 26 mg per ml in CS2 The band designated e corresponds to t e 
calibration curve in Fig 4 B, sphingomyelin (H E Carter), solid film between 
salt plates C, cephalin, prepared from egg phosphatides by the chromatograp ic 
procedure of Lea, Rhodes, and Stoll (11), 4 0 per cent P, 5 06 mg per ml m CS» 

tnpalrmtui, tnsteann, com oil, coconut oil, and tung oil, again making the 
necessary adjustments foi molecular weight Since our standar or 
cholesteryl esters has been synthetic cholesteryl laurate, the slope ° ® 

curve obtamed for this substance has been adjusted to correspon 0 
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cliolestei3'-l oleate Substantially the same cuive is obtained in a similar 
waj'- fiom eithei cholestciyl palimtate oi cholesteryl stearate 

Calibiation for total phosphatides is contingent upon the existence of an 
infiaied absoiption band that occurs with apiJiovmately the same intensity 
m the spectra of the principal component phosphatides From a qualita- 
tive examination of the spectia in Fig 3, it is evident that regions of absorp- 
tion at 8 1 M and 9 1 to 9 4 /i aie potentially smtable for this purpose Both 
of these regions are believed to be associated with phosphoric ester groups 
(7) (It should be noted that the 5 8 ju ester caibonyl band is not found in 
the sphmgom5'ehn spectium, and the 10 3 /u band is not piesent in the 
cephahn curve ) Since lecithin is the majoi component, we have used 
either of its tv o absorption maxima at 9 15 and 9 35 ju as the analytical 
wave length (The 9 15 band was used m ceitam cases in which it was 
desirable to use CHCI3 as a solvent ) Until lecently egg lecithin, prepared 
from egg jmlks and purified by lepeated precipitation with acetone, has 
been used as a calibration standard A typical preparation of this material 
contained 4 17 per cent P and about 80 per cent phosphatidyl chohne 
recoverable by the alumina column treatment of Hanahan ei al (8) 
Recentlj’- it has been possible to calibiate with synthetic dioleyllecithm^ 
and to compare its spectrum with that of egg phosphatides Their absoip- 
tivities differed b3'’ 10 per cent at 9 15 m and by only 3 per cent at 9 35 ^ 
These differences aie consistent with the piesence of cephahn in the egg 
matenal, since, as maybe seenm Fig 3, C, the cephahn spectium in this 
region exhibits a smgle peak at 9 3 /x rather than the doublet pattern of the 
lecithin cmve The measured absorptivity of this isolated cephahn 
fraction at 9 35 /z (shghtly off the peak) is the same as that of lecithin 
Because purified sphingomyehn^ has a linuted solubihty m CS2, it can be 
compared only in chloroform solution at 9 15 ju From hmited data, its 
absorptivity at that wave length is about 20 per cent less than that of 
lecithm Quahtative companson of the curves of sohd films m this region 
suggests that the intensity correspondence should be about the same at 
both wave lengths Use of the lecithin absorptivity to measure total 
phosphatides leads to a 4 per cent error if the sphmgomyehn content is 
assumed to be approximately 20 per cent With present cahbration data 
and over-aU measurement acciuacy, it is not considered worth while to use 
a weighted absorptivity for the mixed phosphatides From the empirical 
standpoint, the vahdity of the infrared measmement is upheld by com- 
parison with hpide phosphorus determinations in serum (Table III) 

A t3q)ical set of cahbration curves is illustrated in Fig 4 Varying 

* We are extremely grateful to Professor Erich Baer of the University of Toronto 
for the synthetic dioleyllecithin, and to Professor H E Carter of the University of 
Illinois for the sphingomyelin 



458 


SERUM LIPIDE 


degrees of non-lineanty are apparent in them, which are of no consequence 
when the graphs are read directly For absorbance values up to about 
0 5, the deviations from hneanty are small, and straight hne approxima- 
tions up to that value have been used to obtain the slopes reqmred for the 
two-component calculation described above Very high absorbances, as 
well as very low ones, are to be avoided as less accurate on general spec- 
trophotometric prmciples This may sometimes necessitate repetition of 
the infrared measurement at a difference concentration in cases in which 
the estimate of required CS 2 volume fads to give a concentration for which 
the absorbance falls in the range of about 0 1 to 0 7 
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CONCENTRATION, mg /ml 

Pig 4 Absorbance versus concentration curves at the principal wave lengths for 
the reference materials in CS 2 solution a = cholesteryl laurate, 5 8 (corrected to 
cholesteryl oleate, see the text) , b = olive oil, 5 75 fi,c = oleic acid, 6 85 # 1 , d = cho 
lesterol, 9 5 e = egg phosphatides, 9 36 


The cahbration values should be checked penodically We have found 
them to remam stable within a few per cent over penods of several months, 
although they are subject to variation from changes m ceU characteristics 
or instrumental conditions if these are not weU controlled 

RESULTS AND DISCUSSION 

The effectiveness of the chromatographic separation was venfied in ti\o 
ways First the procedure was carried out with a known rmxture, simu- 
lating serum hpides, and with a hpide extract from human serum lipoprotein 
(5/ 6 specifies a hpoprotein that has a flotation rate of 6 Svedberg umts m 
a salt solution of density 1 063) both on 1 gm columns The samp cs 
were about 25 mg each Fig 5 show’’s an elution curve obtamed by 
rating successive 2 ml fractions to dryness, redissolvmg each m 0 2 m ° 
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hexane, and measuung their lefi active indices The cuive is a plot of 
An ( = R.oivition ~ Rsohent) vct siis the cumulative volume of each elution 
solvent, 7 c , oidinate points aie plotted at 2 ml intervals of abscissa X, 
and coiiespond to the measuiement foi the 2 ml volume fraction from 
X-2 to X {n designates the lefractive index ) 

A second veiification of the sepaiabihty undei these conditions is given 
in Table I These lesults weie obtained from three analyses of triplicate 
12 3 mg aliquots of a total hpide extract from serum In this instance 
1 gm columns weie used, and some of the conditions for elution were 
altered to show the effects of these variations on the over-all results For 



) i f I I I -II faw I 

0 20 0 20 0 20 


HEXANE, ml * ^ 

Fig 5 Lipide elution curves obtained by refractive index measurements 25 
mg samples, 1 gm columns 2 ml fractions collected, evaporated to dryness, re- 
dissolved m 0 2 ml of hexane for refractive index measurement An ~ Wsoiution — 

^solvent 


all columns the elution of Fraction I was broken into several subfractions 
in order to obtain a rough distribution curve Furthermoie, this elution 
was earned weU beyond the standard elution volume (32 ml for a 1 gm 
column) Fraction II was broken into only two subfractions, with a 25 
per cent extension of the standard volume No breakdown was made of 
Fraction III Weight recovery and total phosphatide values check well in 
all three analyses From the reproducibility of the individual components 
it seems evident that the net results are but httle affected by the variations 
employed The chromatographic operating conditions chosen as standards 
are therefore considered to be adequate and to have some latitude, at least 
for the level of accuracy attained at present 
In certain applications a procedure essentially hke that just described 
has been employed as a more precise control of the separation of Fractions 
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degrees of non-lineanty are apparent in them, which are of no consequence 
when the graphs are read directly For absorbance values up to about 
0 5, the deviations from hneanty are small, and straight hne approxuna- 
tions up to that value have been used to obtam the slopes required for the 
two-component calculation described above Very high absorbances, as 
well as very low ones, are to be avoided as less accurate on general spec- 
trophotometric pnnciples This may sometimes necessitate repetition of 
the infrared measurement at a difference concentration m cases in which 
the estimate of reqmred CS 2 volume fails to give a concentration for which 
the absorbance falls m the range of about 0 1 to 0 7 



CONCENTRATION, mg /ml 

Pig 4 Absorbance versus concentration curves at the principal wave lengths for 
the reference materials in CSs solution a = cholesteryl laurate, 5 8 n (corrected to 
cholesteryl oleate, see the text) , b = olive oil, 6 75/i, c = oleic acid, 5 85 ft, d = cho 
lesterol, 9 5 /i, e = egg phosphatides, 9 35 ft 

The cahbration values should be checked periodically We have found 
them to remain stable within a few per cent over penods of several months, 
although they are subject to variation from changes in cell charactenstics 
or instrumental conditions if these are not well controlled 


RESULTS AND DISCUSSION 

The effectiveness of the chromatogiaphic separation was verified m two 
w^ays First the procedure was carried out with a known mixture, simu- 
lating serum hpides, and with a lipide extract from human senim hpoprotem 
()S/ 6 specifies a hpoprotem that has a flotation rate of 6 Svedberg umts in 
a salt solution of density 1 063) both on 1 gm columns The samp as 
were about 25 mg each Fig 5 shows an elution curve obtamed by 
rating successive 2 ml fractions to dryness, redissolvmg each in 0 2 m 
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Table III gu’^es the lesults obtained in the complete analyses of some 
randomlj’’ selected seium samples, lun in a routine manner as three different 
sets at different times Total cholesterol and total phosphatide values 
obtained bj’^ this method are compared with cheimcal determinations of 
the same components The samples had been analyzed for total cholesterol 
as a routine measurement in connection with other studies in progress in 
this laboratory'- The modified Schoenheimer-Sperry method used has 
been described by Colman and McPhee (9) From chromatographic- 
infrared measuiements, total cholesterol is calculated as the sum of unesteri- 
fied cholesterol plus 0 60 X cholesteryl esters Phosphorus was determined 
in hpide extracts from 0 1 ml serum aliquots by an adaptation of the 


Table II 


Quintuphcalc Analyses of Known Mtxlure of Lipides 
Values are in mg 



Amount 

present 


Amount found 


Average 

error 

Component 

Analy- 
sis 1 

Analy- 
sis 2 

Analy- 
sis 3 

Analy- 
sis 4 

Analy- 
sis 5 

Cholesteryl esters 

2 09 

1 83 

1 95 

1 92 

2 05 

1 99 

fer cent 

6 8 

Unestenfied cholesterol 

0 32 

0 26 

0 32 


0 23 


14 1 

Glycerides 

0 53 

0 55 

0 60 


0 53 


3 8 

Unestenfied fatty acids 

0 21 

0 20 

0 21 


0 21 


2 

Phosphatides (egg) 

1 14 

1 23 

1 33 

1 22 

1 21 

1 18 

8 2 

Average error for all components 






7 0 


method of Gnswold, Humoller, and McIntyre (10) The factor 25 was 
used to convert phosphorus to equivalent phosphatide In two sets of 
duphcates (Samples 10a, 10b, 11a, and 11b) the agreement for all compo- 
nents IS well within 10 per cent 

Sources of Error — Consideration of the most hkely sources of error may 
not only suggest possible improvements but may also help to avoid pitfalls 
The pnncipal errors can be segregated as they anse m extraction, chroma- 
tography, infiared photometric measurement, or cahbration 

The extraction procedure described has been demonstrated to yield 96 per 
cent or more of the total hpides of serum, z e , upon saponification of the 
extracted residue, an amount of fatty acid can be recovered that is 4 per 
cent or less of the weighed extract From most hpoproteins, from which 
the bulk of serum proteins have been separated, the unextracted hpide is 
usually less than 1 per cent Other extraction methods may prove to be 
equally good or supenor 
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As indicated by the data in Table I and Fig 5, the chromatographic 
separation is generally satisfactory Small amounts of cross contamination 
between Fractions I and II are difficult to detect in the spectra, since the 

Table III 

ResitUs of Chromatographic Infrared Serum lapide Analyses Comparison of 
Phosphatides and Total Cholesterol with Chemically Determined Values 


All concentrations are in mg per 100 ml of serum 


Sample 

No 

CE 

-1 

1 

1 

GL 

UFA 

PH 

Chemical 

PH 

APH, 
per cent 

Tol 

Calcu 
lated in 
frared ab 
sorption 

tal cholest 

Chemical 

erol 

A , 

per cent 

1 

220 

1 

32 

79 

35 

154 


-14 

163 

141 

+16 

2 

321 

54 

194 

33 

243 

238 

+2 

245 

239 

+3 

3 

402 

70 

155 

27 

258 

261 

-1 

309 

333 

-7 

4 

236 

26 

145 

23 

181 

192 

-6 

167 

173 

-4 

5 

246 

40 

48 

25 

174 

195 

-11 

188 

209 

-10 

6 

202 

41 

84 

29 

174 

174 

0 

162 

179 

-10 

7 

272 

63 

147 

9 

254 

256 

-1 

226 

243 

-7 

8 

510 

91 

124 

23 

327 

350 

-7 

397 

428 

-7 

9 

101 

24 

93 

21 

140 


+1 

85 

111 

-23 

10 a 

317 

52 

82 

21 

209 


+2 

241 

241 

0 

10 b 

300 

50 

78 

21 

209 

184 

+13 

229 

241 

-5 

11 a 

397 

67 

104 


269 

1 249 

+8 

303 

321 

-6 

lib 

392 

63 

100 

47 

273 

252 

+8 

296 

321 

-8 

12 

200 

29 

37 

46 

163 

152 

+7 

148 

162 

-9 

13 

267 

42 

100 

31 

196 

195 

+1 

201 

231 

-13 

14 

257 

36 

45 

38 

181 

196 

-8 

189 

191 

-1 

15 

259 

40 

110 

33 

209 

196 

+7 

194 

216 

-10 


CE = cholesteryl esters, UC = unesterified cholesterol, GL = glycerides (pre 
sumably triglycerides), UFA = unesterified fatty acids, and PH = phosphatides 
Analyses were made at different times in three sets, comprised of Samples 1 1° 

5 to 9, and 10 to 15 In the set comprised of Samples 5 to 9, the sums of lipides mens 
ured by infrared absorption were compared with the weighed total lipide e\tracts 
The calculated values ranged from 94 to 97 per cent of the weighed amounts Samples 
10a, 10b, 11a, and 11b are pairs of duplicates 


principal ester group band positions of cholesteryl esters are very close to 
the corresponding ones of glycerides The differences are sufficient , 
nevertheless, that gross overlapping of these components causes measura 
shifts from the correct band positions Premature elution of Fraction 
constituents in Fraction I has not been observed in the total serum upi 
samples so far encountered It has occurred, but infrequently, for o 
hpide mixtures containing high relative proportions of glycendes, appar 
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entl}^ exceeding the capacity of the column There is, for occasional 
samples, evidence of cholesteiyl esteis being earned ovei into Fraction II 
The amount involved is oidinaiily a small peicentage of the total cholesteiyl 
esters and is only detectable if the amount of glyceiides is small There- 
foie, it maj'^ in such cases repiesent a laiger relative error in glycerides if 
that component is calculated fiom the total estei absorption A carry- 
ovei of cholesteiyl esteis could conceivably occur as a result of oxidation, 
since inert atmospheres have not customarily been used m our work 
Upon again chromatographing cholesteryl ester fractions that have been 
exposed to an in the di^^ state for long periods of time (weeks), it is found 
that they aie distributed ovei all fractions Whether rigorous exclusion 
of oxygen from the samples during evaporation and handling would improve 
the apparent over-all accuracy of the method has not been investigated 

No measurable phosphorus has been found in Fraction II, but on the 
other hand Fraction III may contain as much as 10 per cent of non- 
phosphatide mateiial This material has not been well charactenzed as 
yet, but it contains a heme-hke pigment and has a considerably lower 
absorptivity than the major phosphatides at 9 35 r The estimated error 
m total phosphatides due to its presence is about 3 per cent or less 

The concentration error resulting from infrared measurement error has 
been estimated as about 4 per cent The precision of the photometric 
measurements would presumably be improved if they were made at station- 
ary wave length settings instead of from recorded curves However, durmg 
the developmental stage it has been helpful to have an extended spectral 
region in which to verify qualitatively the identities of the separated 
components and to recognize accidental contaminations (Fraction II has 
occasionally been found to contain phthalate esters, probably originating 
from impure solvents or accidentally extracted from poorly protected vial 
cap liners ) 

In the determination of calibration curves, the error can be made small 
by averaging several measurements at each concentration A greater 
inaccuracy undoubtedly arises from the arbitrary choice of standards, as 
discussed under calibration This is a necessary compromise involving a 
degree of non-vahdity that is difficult to assess without more detailed 
information concerning the compositions of the individual hpide frac- 
tions 


SUMMARY 

A tentative method has been developed for the analysis of serum lipides 
by using chromatography and infrared spectrophotometry The extracted 
hpides are separated into three fractions by successive elutions from a 
silicic acid-Cehte column with chloroform-hexane (1 19), chloroform, and 
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methanol By smtable infrared absorption measurements of these frac- 
tions (redissolved in carbon disulfide), the amounts of cholesteryl esters, 
glycendes, total phosphatides, cholesterol, and free fatty acids can be 
estimated The accuracy for a given component is somewhat dependent 
on the composition of the sample In general, the probable error is about 
±10 per cent for the major components, and shghtly greater for unestenfied 
cholesterol and fatty acids 

We wish to thank Dr Hardin B Jones and Dr John W Gofman for 
their continued mterest and support Lipide phosphorus analyses were 
performed by Gary Nelson 
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ON THE ACETYLATION OF ALIPHATIC AMINES 
BY KIDNEY PREPARATIONS* 

B\ MARIE B PHILLIPS and H S ANKER 
(From (he Deparhnent of Biochcmisinj, University of Chicago, Chicago, Illinois) 

(Received foi publication, February 4, 1957) 

The feeding of p-armnobenzoic oi a-armno-y-phenylbutyric acid to rats 
lesults in the e\cietion of acetylaminobenzoic oi acetylphenylaminobutync 
acid 111 the uiine Simultaneous feeding of isotopically labeled compounds 
such as acetic oi pyiuvic acid (1, 2), d- or L-alamne (3), n- or L-senne (4), 
or an acetylamino^ acid (5) gives rise to labeled acetyl groups Whereas 
most combinations of acetyl precursois and amines give nearly identical 
results, the isotope concentiation of acetylphenylaminobutync acid is 
much higher if labeled n-alamne, n-seiine, or acetylglycine is fed To ex- 
plain these findings, it was suggested (3) that acetylation of phenylamino- 
butync acid occurs in part in the kidney (6), and it was further assumed 
that D-alanine and acetylglycine are converted to acetate in the kidney 
with httle dilution In contiast, other acetyl precursors are piedomi- 
nantly metabolized in the hver where the metabohe pool of acetate is large 
(1) p-Aminobenzoic acid (7) is acetylated only in the hver 

The in mtro studies reported here support this hypothesis and indicate 
that acetylation in the kidney may be due to a reversal of hydrolysis 
catalyzed by the enzyme acylase (8), in contrast to a transfei leaction 
which appears to be the mechanism of acetylation in the hver (9) 

Results 

The acetyl acceptor amine used in these experiments was cyclohexyl- 
L-alanine Its optically active form is prepared conveniently by catalytic 
hydrogenation of L-tyrosine This compound is acetylated tn mvo (Table 
I) m the same mannei as the a-amino-y-phenylbutync acid previously' 
used 

In Table II are given the quantities of cyclohexylalamne and p-amino- 
benzoic acid acetylated by the various labeled compounds in kidney and 
hver shces In agreement with the experiments in mvo, it was found that 
cyclohexylalamne was readily acetylated in kidney shces if either acetate, 
D-alamne, or acetylglycine was the source of label, whereas n-alanine 
yielded a smaller amount of acetylamine p-Aminobenzoic acid is not 

* This work was supported by a grant from the United States Public Health 
Service 

‘ Labeled in the acetyl moiety only 
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acetylated in kidney slices Cyclohexylalanine is acetylated by kidney 
sbces to a somewhat greater extent than by liver slices In hver slices, 

Table I 


Acetylation of Foreign Amines in Vivo 


1 

1 

Labeled precursor fed ' 

Acetyl { 

Acetyl-a ainino -7 
phenylbutync acid 

jroups 

Acetyl 

cyclohexyl L-alaninc 

SIC/Q 

Kim 


per cent 

per cent 

l-CiLAcetic acid 

4 3*t 

2 8t 

2-C“-Pyruvic acid 

2 5*t 

1 6t 

2-C'^-L-Alamne 

1 9t 

1 8t 

2-Ci^-D-Alamne 

lot 

14t 

1-C^^-Acetylglycine 

35t-67§ 

5811 


RIC = relative isotope concentration 
* Averaged values 

tQ = 04tol0 mmole per 100 gm per day 

t Q = 0 4 mmole per 100 gm per day, amine, 0 4 mmole per 100 gm per day 
§ Q = 0 4 mmole per 100 gm per day, amine, 0 1 mmole per 100 gm per day 
II Q = 0 45 mmole per 100 gm per day, amine, 0 2 mmole per 100 gm per day 


Table II 

Acetylamines Formed by Slices in Vitro 


1 

Tissue and amme 

Amount of acetylamme formed per gm slice with 

0 32 mmole 1- 
C* acetic acid 

0 42 mmole 2- 
L alanine 1 

0 49 mmole 2 
C“ n alanine 

0 S mmole 1 C" 
acetylglycine 


fimoles 

nmole 

nmoles 

nmoles 

Kidney + CHA 

3 5t 

0 62 

2 5 

3 5 

“ + pABA 

0 1 

0 03 



Liver + CHA 

0 94 

0 47 

0 64 

0 44 

“ + pABA 

0 66 

0 32 


0 30 


* Isotope in acetyl moiety 

t In a separate e-s.periment, 4 1 and 5 4 #imoles were formed with 0 32 and 0 
mmole of l-C*^-acetic acid o 

1 5 gm of liver slices or 0 75 gm of kidney slices was incubated for 4 hours at 
in 24 ml of Krebs-Ringer bicarbonate buffer, containing 0 24 mmole of _ 

/imoles of unlabeled acetylamine were added as carrier after incubation cn 
cyclohexylalanine, pABA = p-aminobenzoic acid 

cyclohexylalanine and p-anunobenzoic acid were acetylated to 
mately the same extent, acetate being the most efficient source o ^ 
acetyl groups 
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The activity of kidney minces in Ringei -phosphate buffer was found to 
be only slightly less than that of the slices The quantity of acetylcyclo- 
hexylalanine foimed in minces inci eases appioximately linearly with time 
foi the fiist 4 hoins of incubation The yield of acetylamine depends 
upon the cyclohevlalanine concentration below 0 003 M but is nearly in- 
dependent of the anune concentiation above this value The amounts 
produced, depending on the concentiation of acetate oi acetylglycine, are 
given in Fig 1 Heating of the mince to 100° for 5 minutes abolished the 
leaction, the addition of NaF (0 04 ai), KCN (0 04 m), NaNs (0 04 m), or 
2,4-dinitrophenol (0 003 ai) does not change the yield of acetylcyclohexyl- 



Fig 1 Quantity of acetyl cyclohexylalanine formed by rat kidney minces in five 
separate experiments A, •, and ■ = acetate, -f and X = acetylglycine 

alanine Incubation under nitrogen reduced acetylation in some instances, 
but not consistently 

Only one-tenth to one-fifth of the original activity was recovered from 
lat or calf kidneys disintegrated in a Waring blendor or ground with pow- 
dered glass (Experiment 2, Table III) Water extracts of rat kidney ace- 
tone powders are as active as the homogenates (Expenment 3, Table III) 
The enzyme can be concentrated and partially puiified by ammonium 
sulfate fractionation as follows Calf kidney acetone powder was exi;racted 
With 2 volumes of water and centrifuged at 4000 X g foi 30 imnutes at 0° 
To the supernatant fluid ammonium sulfate was added and the fraction 
precipitated between 30 and 50 per cent saturation was collected The 
precipitate was dissolved in 0 1 volume of water, dialyzed for 4 hours 
against water at 0°, and centrifuged at 10,000 X ^ for 1 hour at 0° Pre- 
cipitation with ammonium sulfate and dialysis and high speed centnfuga- 
tion were lepeated For every gm of acetone powder, 27 mg of final 
product were obtained This pieparation is stable for at least 48 hours 
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at room tempemture, is inactivated by heating to 100° for 5 minutes, and 
requires no additions other than the substiates and buffer (Expenment 4, 


Table III 


Formation of Acetylcydohexyl-z-alamne by Kidney Preparations 


Experi- 
ment No 


Experimental conditions 

Acety famine 
formed 

la 

0 7 gm rat kidney 

Slices 

fimoles 

5 8 

lb 

Q 7 « <( (( 

Mince 

4 9 

2a 

Q 7 << “ It 

Slices 

3 3 

2b 

0 7 “ “ 

Homogenate (Waring blender) 

0 24 

3a 

0 1“ “ “ 

Acetone powder, water extract 

0 17 

3b 

01 “ calf “ 

dialyzed and centrifuged 

tt <C 

0 22 

4a 

4b 

As in Experiment 3b 
“ " “ 3b 

30% (NHdeSOi fraction 

0 25 

0 04 

4c 

“ “ “ 3b 

30-50% “ 

0 48 

4d 

“ “ “ 3b 

Supernatant 

0 01 

5a 

As in Experiment 4c 

100/imoles C*^-potassium ace- 

0 10 

5b 

“ “ “ 4c 

tate 

100 /imoles C'^acetylglycine 

0 08 

5c 

» “ “ 4c 

100 “ C‘^-potassium ace- 

0 13 

5d 

“ “ « 4c 

tate -}- 100 /imoles acetyl- 
glycine 

100 /imoles C^Aacetylglycine 

0 05 

6a 

2 7 mg prepared as in Experi- 

-h 100 /imoles potassium 
acetate 

0 01-0 05 * 

6b 

6c 

6d 

ment 4c, heated 5 min to 
100° 

2 7 mg prepared as in Experi- 
ment 4c 

1 mg acylase 

10 mg acylase 

1 

0 30-0 60* 

0 17 

0 75 


*Range for ten individual experiments Experiment 1 Krebs-Ringer phosphate 
buffer, 240 /imoles of CHA, 440 /imoles of C*^-KAC, total volume, 24 ml , O2, 4 hours, 
37°, 56 ^moles of carrier Experiment 2 as in Experiment 1, but 330;imoles of C'^ 
ILAC Expel iment 3 lOO/^moles of C*^-KAC, lOO^tmoles of CHA, 20 ^jmoles of colh 
dine buffer (pH = 68), total volume, 4 ml , air, 3 hours, 37°, 100 /imoles of earner 
Experiment 4 as in Experiment 3 , but 15 /imoles of phosphate buffer (pH = 74), t(^a 
volume, 9 ml Experiment 5 as in Experiment 4, but 20 /imoles of phosphate bu er 
(pH = 7 4) Experiments 6c and 6d as in Experiment 5, but total volume, 3 1 ni 


Table III) Acetylation is maximal at pH 7 to 7 5, negligible below p 
6 and above pH 9, and independent of the natuie of the buffei ^ 
following compounds alone or in combination have no significant effect on 
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the quantity of acet 30 annne foimed Mg++ (0 002 m), ATP (0 0006 to 0 005 
i\i), CoA (0 03 to 3 units pei nil ), NaF (0 001 m), CHzICOOH (0 001 m), 
KCN (0 01 m), NaN3(0 07 ri), and 2,4-dinitiophenol (0 003 m) If labeled 
acetjdglj’^cine is used, the quantit 5 '- of acetylcyclohexylalanine formed is 
the same as when labeled acetate is added Unlabeled acetylglycine does 
not decrease the foimation of labeled acetyl gioups from acetate but un- 
labeled acetate decreases the acetylation fiom labeled acetylglycine (Ex- 
periment 5, Table III) A partially purified acylase^ preparation shows 
appioximatelj’- the same acet 3 dating power pei gm of material as the 30 
to 50 pel cent (NH 4 ) 2 S 04 fiaction prepared from calf kidney (Experiment 
6, Table III) Hydrolysis of acylcyclohexylalamne by acylase has been 
demonstrated previously (10) 


DISCUSSION 

Acetylation by kidney preparations differs from hver (3) in several 
respects the specificity in regard to the kind of anune, the change of activ- 
ity on disruption of the cellular structure, and the conditions for enzyme 
activity 

Kidney shces appear to be able to acetylate only ahphatic amines, 
whereas in the hver aromatic amines too are acetylated, as can be seen 
from Table II, in agreement with previous observations vn mvo (6) 

The amount of acetylcyclohexylalamne formed in kidney minces is as 
much as 100 times the amount found in cell-free extracts Either the 
enzyme catalyzing acetylation in kidney is so labile that it is destroyed 
upon disintegration of the cells or intact kidney cells can actively excrete 
the acetylamino acid, thereby displacing the equihbrium in the S3mthetic 
direction In view of the insensitivity of the acetylation reaction in kid- 
ney minces to anaerobic conditions or to respiratory poisons, the source of 
energy for such an excretion process is at present undetermined 

An enzyme system present in cell-free kidney extracts catalyzes the le- 
action between amino acids and acetate It has been partially punfied 
and its activity is not affected by dialysis, the addition of metabolic inhibi- 
tors, or a number of known coenzymes This acetylating enzyme is found 
in the same protein fiaction as acylase (11), and acylase preparations pos- 
sess a similar acetylating activity For these leasons the acetylating en- 
zyme in cell-fiee kidney extracts appears to be identical with acylase 
However, an additional acetylating enzyme in intact kidney cells diffeient 
from acylase cannot be excluded 

Acetylation with direct tiansfer of acetyl gioups was not observed (5) 
In minces acetate is more effective than acetylglycine In cell-free piep- 

“ The authors are indebted to Mr L L Lachat and Mr M A Mitz of Armour and 
Company, Chicago, for this material as well as for various kidney preparations 
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aiations acetylation by labeled acetylglycine is depressed by unlabeled 
acetate whereas that by labeled acetate is unaffected by normal acetyl- 
glycine 


EXPERIMENTAL 

Syntheses — The preparation of acetic acid-l-C*^ has been reported (12) 
Cyclohexyl-L-alanine was prepared by hydrogenation of L-tyrosine with 
the Adams catalyst and hydrogen (13) The crude product was recrys- 
talhzed as the hydrochloride from 10 per cent hydrochloric acid [«]„ = 
12 9° in 4 per cent hydrochloric acid Acetylcyclohexyl-L-alamne was ob- 
tained by treating the ammo acid dissolved in sodium hydroxide with ace- 
tic anhydride and recrystalhzing it from water, m p 202°, [q:]d = 3 1° in 
ethanol and — 5 2° m 0 86 n sodium hydroxide 

Incubation Procedures — Liver and kidney shces were cut freehand Kid- 
ney minces were prepared by forcing the kidneys through a 20 mesh stain- 
less steel screen Shces and minces were incubated m a 125 ml Erlen- 
meyer flask with shaking at 37° in Krebs-Ringer phosphate buffer (14) 
Homogenates, prepared in a Waring blender, and acetone powder extracts 
were incubated in test tubes at 37° Phosphate buffer was used in most 
experiments 

The amount of acetylcyclohexylalamne produced was estimated by the 
isotope dilution method (15) After incubation in the presence of carboxyl- 
labeled acetate, unlabeled acetylcyclohexylalamne was added, the mixture 
acidified immediately with sulfuric acid^ to pH 2, extracted with ether, 
and the ether solution reextracted with 1 m KHCO3 The latter solution 
was then acidified and extracted with ether, and the ether solution was 
washed twice with water containing 10 per cent acetic and 1 per cent sul- 
func acids, in older to dilute any labeled acetic acid present in the ether 
extract The residue from the ether solution was recry stalhzed fiom wa- 
ter with charcoal until the melting point reached 200-201° and the C'^ 
concentration remained constant The quantity of acetylamine formed, 
Q, was calculated by the following formula Q = a/(b — a) XC, where C = 
the quantity of carnei added, a = the isotope concentration of the isolated 
acetyl group, and b = the isotope concentration of the added acetic acid 

SUMMARY 

1 Cyclohexyl-L-alanine is acetylated in mvo in the same manner as 
7 -phenyl L-a-aimnobutync acid 

2 Rat hver shces acetylate both cyclohexyl-L-alanine and p-ammo- 

® If the incubation is carried out at a pH of 5 or below, no C'* is found in the iso 
lated acetylcyclohexylalamne This result excludes the exchange of the C'^-ace ic 
acid with the acetyl group of the carrier 
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benzoic acid, wheieas lat kidney slices acetylate cyclohe\yl-L-aIanine only, 
in agreement with previous obseivations in mvo 
3 A soluble enzyme obtained from lat or calf kidney catalyzes the 
foimation of acetylcyclohe\yl-L-alanine fiom acetate This leaction ap- 
peals to be a level sal of hj^droli'^sis, and the enzyme seems identical with 
acjdase The implications of this finding aie discussed 
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MECHANISM OF BORATE INHIBITION OF DIPHENOL 
OXIDATION BY TYROSINASE* 

Bi KERJRY T YASUNOBUf and EARL R NORRISJ 

(F rom the Department of Btoehemish y, University of Washington, 

Seattle, Washington) 

(Received for publication, August 20, 1956) 

Borate inhibits alkaline phosphatase (1) and xanthine oxidase (2) com- 
petitively by 1 eacting a\ ith the enzjmies Although borates form complexes 
with catechol (3), Winfield (4) and IHein (5) have been unable to demon- 
strate inhibition of diphenol oxidation by tyiosmase m borate solutions 
Positive evidence has been obtained m the present work which demon- 
strates that borate does inhibit diphenol oxidation Coiroboiative evi- 
dence was obtamed fiom the finding that the borate-diphenol complex has 
an absorption peak m the ultraviolet region and that there is a direct cor- 
relation between the complex and the observed inhibition 

EXPERIMENTAL 

Mushroom tyrosinase of high purity was purchased from the Treemond 
and Rebels Corporation, the preparations containing 2000 and 1700 Miller- 
Dawson catecholase umts per mg of dry weight, respectively 

The enzymatic activity was determined in the presence and the absence 
of ascorbic acid When ascorbic acid was used, the rate of oxidation of the 
substrate was determined by the rate of ascorbic acid oxidation at 265 mp 
The ascorbic acid concentration was 0 1 mw, whereas the diphenol concen- 
tration was varied from 0 002 mM to 0 36 him When dihydroxyphenyl- 
alanine was used as a substrate m the absence of ascorbic acid, the enzy- 
matic activity was deteimmed by the formation of dopachiome at 305 my 
The stock tyrosinase solution was diluted mth distilled water before use, 
and about 3 catecholase umts weie used 

Spectrophotometric measurements were made with a Beckman DU 
spectrophotometer with 1 cm quartz cuvettes, and the experiments were 
cairied out at room temperature 

* Prepared from a thesis submitted by Kerry Yasunobu for the degree of Doctor 
of Philosophy, June, 1954 

t Present address, Department of Biochemistri hledical School, University of 
Oregon, Portland, Oregon 

J Deceased March 30, 1952 
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Results 

Effect of Variation in Substrate and Borate Concentrations 

Determinations of enzyme activity were made on various substrates 
with and without borate When the reciprocal of the reaction velocity is 




Fig 1 Effect of variation in catechol, borate concentration, and pH In Curve 
A, experiments were earned out at pH 8 0 and with 6 7 mM borate, in Curve B, at 
pH 8 0 and with 3 3 mM borate, in Curve C at pH 7 0 and in 133 mM borate, in Curve 
D, at pH 6 0 and with 333 mM borate, in Curve E, at pH 8 0 and with 1 33 him bo- 
rate, in Curve F, at pH 6 0 and with 133 mM borate, in Curve G, at pH 7 0 and with 
6 7 mM borate , in Curve H at pH 6, 7, or 8 with zero borate 

Fig 2 Effect of variation in dopa and borate concentration and pH In Curve A, 
experiments were conducted at pH 7 8 and with 3 3 mM borate, in Curve B, at pH 7 0 
and with 9 99 mu borate, in Curve C, at pH 6 0 and wuth 66 6 mM borate, and in 
Curve D, at pH 6, 7, or 7 8 and with zero borate 


plotted against the leciprocal of the substrate concentiation, the curves 
shown m Figs 1 and 2 are obtained For the reaction system, ascorbic 
acid, diphenol, and enzyme, the activity was measured as the rate of change 
in optical density at 265 mp per minute Fig 1 shows the results for cate- 
chol Mihtzer (6) reports that borate does not react with ascorbic acid, 
but, to demonstrate that the inhibition by borate is not due to formation 
of a complex with ascorbic acid, the activity was measured at 30o 
without ascorbic acid for dihydroxyphenylalanine and enz 3 Tne In 'ig 
2 are given the results for dihydroxyphenylalanine and tyrosinase an 
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the inhibition is deal ly demonstrated If it is assumed that a rapid revers- 
ible equilibrium exists between the inhibitor, substrate, and substrate- 
inhibitoi complex, and if the concentration of the last complex is small 
compared to that of the first, then Equation 1 may be readily obtained 



It will be shovTi later that the inhibitor combines with the substrate so 
that Kx, m contrast to the usual case (7), is the eqmhbrium constant for the 
foUovung reaction 

Diphenol-borate complex diphenol -|- borate (2) 

Effect of pH — The ability of borate to inhibit tyrosinase activity depends 
markedly upon the pH, as shown m Figs 1 to 3 A much higher concen- 
tration of borate is required at pH 5 7 than in more alkaline solutions 
T3Tosinase activity in the absence of inhibitor is not appreciably affected 
by pH over the range studied Boric acid is a very weak acid and, if the 
assumption is made that it is only the H2B03~ ion which forms the complex 
with the diphenol, the results are consistent Concentrations of the 
H2B03~ were calculated by using 6 4 X as the ionization constant for 
the first hydrogen of boric acid In Fig 4 is seen the correlation between 
the inhibition and the calculated concentration of the H2B03“ ion In 
these curves, the pH effect shown m Fig 3 for total borate has disappeared 
Evidence for Diphenol-B orate Complex — ^Boeskin (3) demonstrated the 
existence of catechol-borate complexes from conductivity studies In 
our work, by use of buffered solutions, we discovered that the addition of 
boric acid to catechol and dihydroxyphenylalamne solutions resulted in 
increased absorption and m shifts to slightly higher wave lengths More- 
over, in agreement vath Boeskm, who found no increase in conductivity 
for resorcinol-borate or hydroqumone-borate solutions, there was no in- 
creased absorption or spectral shift when borate was added to these com- 
pounds Addition of borate to ferulic acid also resulted in no change m 
absorption It appears from these examples that borate forms complexes 
only with unsubstituted orthodiphenols The eqmhbrium constant for 
the formation of the complex, i e 

Diphenol -t- HaBOj complex 

(complex) (3) 

^ ~ (diphenol) (HjBOj) 

was calculated from the increase m absorption with increasing concentra- 
tions of borate at constant diphenol concentration Fig 5 illustrates the 
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increase in absorption at 286 ni;it foi dopa, with increasing borate concen- 
trations at pH 7 8 Fig 6 shows the spectial changes for 0 1 him catechol 
at pH 5 7 and 7 8 and that higher concentrations of boiate are required in 
acid solutions 

The valuef orthe equihbi lum constant was obtained by plotting A Ass m^/- 




Fig 3 Fig: 4 

Fig 3 Vanation in per cent inhibition with varying bone acid concentration 
• , experiments with dopa (0 1 mM), O, catechol (0 0032 mw with 0 1 mil ascorbic 
acid) In Curves A and B, experiments were earned out at pH 5 7, in Curves C and 
D, at pH 7 8 

Fig 4 Vanation in per cent inhibition with varying H2B03“ concentration Ex- 
periments with dihydroxyphenylalanine •, experiments at pH 5 7, O, pH 7 8 
Dihydroxyphenylalamne concentration u as kept constant at 0 1 mil 

(H 3 BO 3 ) as the ordinate and A Djse mii as the abscissa, the value of the slope 
of the resulting line giving K directly The equilibrium constant was 
also calculated by usmg the molecular extmction coefficient for the complex^i 
which is about 4860 at 286 mp, and by substituting the appropriate values 
in the case of dihydroxyphenylalamne The K values aie listed in Table 

Correlation between Spectral and Enzymatic Data 

When the per cent inhibition and A Ass weie plotted as the ordinate 
and the H3BO3 concentration as the abscissa, the two curves obtaine were 
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almost supeiimposable, and it was evident that there was a direct correla- 
tion between the spectial increase in absoiption and the inhibition To 
test the lelationship moie closely, by use of the constant obtained spectro- 
photometrically foi dihydioxyphenylalamne and boiate while the total 
diphenol and boiate concenti ations were vaiied, calculations were made so 



WAVE LENGTH fm/i) WAVE LENGTH (m/i) 

Fig 5 Fig 6 

Fig 5 Effect of varying borate concentrations on the absorption spectrum of 
dopa (0 1 mw) at pH 7 8 — , zero borate, — , 1 0 mw borate, - 5 0 mM 

borate, ,20 mw borate, - , 40 mM borate 

Fig 6 Effect of varying boric acid concentrations on the absorption spectrum of 
catechol (0 1 mM) , values for zero borate at pH 6 7, - , for zero borate and 
pH 7 8, , for 300 mM borate and pH 5 7, — , for 60 mM borate and pH 7 8, the val- 

ues for zero borate at pH 5 7 and 7 8 overlap below 230 m/x and above 270 m/x 


that the free diphenol was the same m each case The results aie shown 
in Table II The observed inhibition was calculated as 100(1 — v,/v) 
where v, is the velocity in the presence of inhibitor and v is the velocity in 
the absence of inhibitor The calculated inhibition was obtained by using 
the K obtained from the absorption measurements of the complex 
The experiment shows that the velocity is nearly the same at the various 
diphenol and borate concentrations as that required by theory Also, the 
observed and calculated inhibitions are vathin the experimental error, and 
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Table I 

Equilibrium, Constant for Formation of Substrate-Borate Complex 
Obtained Spectrophotometncally at pH 7 8 


Compound 

AHsBOi* 

AhjBOj"! 

A.t 

Catechol 

600 

1 9 X 10< 

5 3 X 10-5 

Dihydroxyphenylalamne 

475 

1 5 X 10‘ 

6 7 X 10-5 


* Equilibrium constant calculated by use of the H3BO3 concentration 
t Equilibrium constant calculated by use of the H 2 B 03 ~ concentration 
$ Equilibrium constant for the dissociation of the substrate-borate complex and 
equal to I/Khibos" 


Table II 

Correlation between Spectral and Enzymatic Data 


Dopa 

Borate 

Velocity* 

Velocityt 

Free dopa 

Complet 

Per cent 
observed 

Per cent 
inhibition 
calculated 

mil 

0 20 

mit 

32 6 

Ml 

0 280 


HIM 

0 188 

90 

94 

mSm 

15 2 


0 161 



83 

86 


11 7 

0 030 

0 128 

0 0125 


77 

81 

BIB 

8 3 

0 031 

0 103 

0 0125 

0 0476 

68 

70 

0 04 

4 8 


0 075 

0 0125 

0 0275 

61 

63 

0 02 

1 3 


0 043 

0 0125 

0 0076 

33 

38 


The experiments were conducted at pH 7 8 

* In the presence of borate expressed as the change in optical density at 305 m/t 
per minute 

t In the absence of borate 


Table III 


Enzymatically Obtained Dopa-Borate Dissociation Constants 


pH 

HiBOi 

Calculated 

concentration 

Kx 


mu 

M 


Dopa (265 m/i in presence of ascorbate) , Km ■ 

= 3 3 X 10-5 

8 

3 33 

1 33 X 10-5 

5 1 X 10-5 

7 

6 67 

3 3 X 10-5 

6 0 X 10-' 

6 

33 3 

8 5 X 10-6 

4 2 X 10-5 


Dopa (305 m/i in absence of ascorbate), Km = 5 0 X 10 


8 

3 33 

1 33 X 10-5 

7 

9 99 

6 4 X 10-5 

6 

66 7 

21 5 X 10-5 


6 9 X lO-' 
6 7 X 10-® 
6 4 X 10-‘ 
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furtheimore the coi relation between the enzymatic data and the spectral 
data may be seen 

Listed in Table III aie the inhibitoi -dissociation constants obtained 
from the 1/a versus 1/s plot For the first set of data, the velocity was 
measured by the late of oxidation of ascorbic acid at 265 m/i In the sec- 
ond set of data, the change in density at 305 m/u, in the absence of ascorbic 
acid, was measured If the leciprocals of the average ZC, for the first set of 
data aie taken, a value of 2 X 10^ is obtained for the formation of the com- 
plex fiom dihydroxyphenylalanine and the H 2 B 03 “ ion In the second set 
of data, the equilibrium constant foi the formation of the complex was 
1 5 X 10^ These values aie in general agreement with the eqmhbrium 
constant obtained from the spectral data 

Nature of Complex — Isbell et al (8) have discussed the various complexes 
which are formed when boiate is added to catechol, and the reactions are 
shown in the accompanying Equations 4 and 5 Schafer (9) has prepared 


+ HgO (4) 


+ HgO 


.0 


0 

both the monocatechol-borate and the dicatechol-borate complexes In 
our work, the ratio of borate to diol was much greater than that used by 
Schafer to prepare the monocatechol-borate complex, and therefore the 
concentration of the dieatechol-borate complex was negligible In addi- 
tion, Schafer found that the formation of the dicatechol-borate complex 
was slow and reqmred several hours, whereas in the present work the solu- 
tions were tested immediately after the borate and diol were mixed Fur- 
thermore, the agreement of the eqmhbrium constant obtained enzymatically 
and spectrophotometrically verifies the nature of the complex 


fA. 


+ 2H2O ( 5 ) 
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BORATE INHIBITION OF TYROSINASE 


Reversal of Inhibition and Increased Absorption by Mannitol 

Fig 7 demonstrates the reversal of both the inhibition and the increased 
absorption at pH 7 8 when mannitol is added to a solution contaimng 0 1 
imi dihydroxyphenylalamne and 11 7 niM borate There was a decrease 



Fig 7 Reversal of borate inhibition and absorption changes by the addition of 
mannitol In these experiments the dihydroxyphenylalamne concentration was 0 1 
mM and the borate concentration was kept constant at 11 7 mm, the manmtol concen 
tration was varied 



Fig 8 Effect of borate on tyrosine oxidation The tyrosine concentration vas 
kept constant at 0 04 msi Curves A, D, and P were carried out at pH 7 8 with zero 
borate, 5 0 mM borate, and 10 0 mM borate, respectively For Curves B, C, and , 
the pH was 5 7 and the borate concentration was zero, 0 1 M, and 0 2 M, respective > 
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111 pH mth higliei conccntiations of mannitol, but the change is insuffi- 
cient to account foi the leveisal 

Effect of Borate on Oxidation of Monophenol 

Belli! and Nelson (10) noted that borates prolong the lag peiiod in the 
oxidation of nionophenols by tyiosmase at pH 8 5 We confiimed Nel- 
son’s finding of a piolongmg of the lag period in alkaline solutions (Fig 8) 
and found that the inhibition shown by the steepest part of the curves at 
pH 5 7 and 7 8 checks n itli the inhibition winch might be expected from 
the assumption that it is due to the leaction of the HaBOs” ion with the 
diphenol formed as an iiitei mediate m the reaction 
The activity was measuied as the change in optical density at 305 mix 
In the presence of ascorbic acid and tyrosine, borate also inhibits the action 
of the enzyme 


SUMfilABY 

It has been concluded that borate inhibits tyrosinase, as sho^vn in the 
accompan 5 ung equation 


S ♦ E ES ^ E + P 

+ 


H,BO,' +H* 

^^\o^ ^OH 
^OH 

Evidence from enzyme studies and changes m the absorption spectrum of 
the diphenol when borate is added to buffered solutions of the diphenol 
are presented Approximate equihbnum constants for the formation of 
the complex were calculated 

One of the authors (K T Y ) is greatly mdebted to Dr Walter B 
Dandliker for his adiace and encouragement upon the untimely death of 
Dr E R Norris 


K 


S-H,B0,* S-H,BO,‘ = 
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INCORPORATION OF DEUTERIUM INTO OXIDIZED PYRIDINE 
NUCLEOTIDES BY ILLUMINATED GRANA* 


By ANTHONY SAN PIETRO and HELGA M LANGf 


{From the McCollum-Pralt Inshtute, The Johns Hopkins 
University, Baltimore, Maryland) 


(Received for publication, January 21, 1957) 


The reduction of p 3 '^ridme nucleotides by illuminated chloroplasts was 
first demonstrated some 5 yeais ago by Vishniac and Ochoa (1, 2), Tol- 
mach (3), and Ainon (4) In these experiments, the formation of reduced 
pyridine nucleotides was demonstiated indirectly by coupling the photo- 
chemical reaction with a suitable dehydrogenase and measuring the forma- 
tion of the pioduct of the dehydrogenase system In the absence of the 
couphng system, no diiectly measurable reduction of pyridine nucleotides 
was observed (5) This inability of pyndine nucleotides to undergo di- 
rectly measurable photochermcal leduction was considered to be a conse- 
quence of their low oxidation-reduction potentiaP (-E"o at pH 7 = —0 32 
volt) since most substances which are effective as oxidants m the HiU 
reaction have high oxidation-reduction potentials (F^'o at pH 7 = -f 0 1 to 
+0 4 volt) 

In view of the physiological sigmficance of the pyridine nucleotides as 
coenzymes in numerous enzyme-catalyzed leactions, it seemed worth while 
to investigate the mechamsm of reduction of these compounds by illumi- 
nated grana The expenmental approach envisaged at the start of these 
studies was to determine the stereospecificity, if any, of the reduction of 
pyridine nucleotides by illuminated grana with deuterium as a tracer It 
was hoped that the information obtained in these studies would permit us 
to determine whether the reduction was enzymatic or chemical in nature 
If the pyridine nucleotide had remained unlabeled during alternate reduc- 
tion and reoxidation by illuminated grana m heavy watei , one could have 
concluded that both i eduction and oxidation were enzymatic processes of 
identical stereospecificity ^ 

* Contnbution No 183 of the McColIum-Pratt Institute This investigation was 
supported by a research grant (RG-4143(C)) from the National Institutes of Health, 
United States Public Health Service 

t Present address, Nazareth College of Rochester, Rochester, New York 

* In 1952, the accepted E'o value for the DPN-DPNH potential was —0 28 volt 
It has subsequently been shown to have a value of —0 32 volt by Burton and Wilson 
(6) and Rodkey (7) 

^ For a complete description of the stereospecificity exhibited by pyndine nucleo- 
tide-linked dehydrogenases, see the reviews by Vennesland (8) and San Pietro (9) 
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However, the data presented in this paper demonstrate that deutenum 
fiom the medium is incorporated into oxidized pyndine nucleotides by 
illuminated grana and that the deuterium is piesent at the site at which 
pyridine nucleotides undeigo reversible oxidation-reduction, namely, at 
carbon atom 4 of the pyndine nng (10, 11) This lesult can be explained 
in teims of eithei a stereospecific enzymatic reduction or a non-stereo- 
specific chemical reduction (see “Discussion”) The most hkely explana- 
tion of these data involves a stereospecific reduction of the pyndine nucleo- 
tide, followed by a stereospecific oxidation of the reduced nucleotide, and 
the fact that the stereospecificities exhibited by the i eduction and oxida- 
tion processes aie opposite to each other Evidence in support of this 
explanation has been presented by San Pietro and Lang (12), who have 
demonstiated the accumulation of reduced pyndine nucleotides by illumi- 
nated grana under certain conditions In addition, recent experiments 
have provided more direct evidence that this reduction is indeed enzyme- 
catalyzed ^ 


Materials and Methods 

The grana were prepared as follows 25 gm of spinach leaves, purchased 
at a local grocery, weie deveined and ground foi 3 minutes in a Waring 
blender with 200 ml of cold 0 01 m Na2HP04-KH2P04 buffer, pH 7, con- 
taimng 0 01 m KCl After being filtered through cheesecloth and glass 
wool, the filtrate was centrifuged for 2 imnutes at 4600 X g The super- 
natant fluid was centrifuged for 20 nunutes at 18,000 X g, the residue was 
suspended in buffei and centrifuged again at 18,000 X g The final residue 
was made up in 0 05 m Na2HP04-KH2P04 biiffer, pH 7, contaimng 0 01 
M KCl, which was prepared in 99 5 per cent D2O ^ The ability of the 
grana to reduce feiricyanide was deterimned before each deutenum expen- 
ment by measunng oxygen evolution in a Warburg apparatus modified 
for photosynthetic experiments 

Diphosphopyridine nucleotide (DPN) and triphosphopyndme nucleo- 
tide (TPN) were purchased from the Pabst Laboratories ® The DPNase 
was a purified enzyme which was obtained from zmc-deficient Neurospora 
according to the method of Kaplan et al (13) CrystaUine alcohol dehy- 
drogenase was purchased from the Worthington Biochenucal Corporation 

The general expenmental procedures used in these studies have been 
desenbed in detail by Pullman et al (10), chlorophyll concentration vas 
measured by the modification of Arnon (14), and deutenum content was 

’ San Pietro, A , and Lang, H M , unpublished data 

‘ The heavy water used in these expenments rv as obtained on allocation from c 
United States Atomic Energy Commission 

® Part of the DPN used in these experiments was a gift from the Pabst La ora 

tones 
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deteinuned bj’’ a modification of the method of Graff and Rittenberg (15, 
16) 


Results 

Deidenum Incorporation into DPN — ^These experiments were set up in 
the following manner The leaction mixtures, which contained DPN, 

Table I 

Incorporation of Deuterium into DPN by Illuminated Grana 
Each reaction mixture contained grana equivalent to 14 mg of chlorophyll, 59 
/imoles of DPN, 1000 ^imoles of Na2HP04-KH2P0i buffer, pH 7, and 200 /tmoles of 
KCl The final volume was 20 ml and the final concentration of D 2 O was calculated 
to be about 90 per cent The samples were incubated for 150 minutes either in the 
light or in the dark n ith shaking at 15-16° The dark control flask was wrapped with 
tinfoil The light reaction flasks were illuminated by one 100 watt bulbper flask at a 
distance of approximately 6 inches In Experiment 6d, the gas phase was nitrogen 
rather than air After incubation, the samples were centrifuged for 20 minutes at 
18,000 X to remove the grana and the DPN concentration in the supernatant solu- 
tion was determined by measuring the difference in optical density at 325 m,u in 1 0 
M KCN, before and after the addition of Neurospora DPNase, according to the 
method of Colowick et al (17) The recovery of DPN was almost quantitative 
When all the DPN was split, the mixtures were placed on Dowex 1 formate columns 
The nicotinamide was eluted with water, diluted b}’’ a known factor with unlabeled 
nicotinamide, and isolated by crystallization from benzene (10) The crystalline 
samples of nicotinamide were analyzed for deuterium content in the usual manner 


Experiment No 

Conditions 

Dilution factor 

Deuterium content 

Atom per 
cent excess* , 

1 

Atom per 
moleculef 

6a 

Dark 

9 3 

0 03 


6b 

Light 

9 5 

0 87 


6c 1 

t( j 

8 7 

0 88 


6d 

Light-mtrogen 


0 52 

■■ 


* Experimental values 

t Values corrected for dilution by carner-unlabeled nicotinamide The deu- 
terium content of the nicotinamide, expressed as atom of deuterium per molecule, is 
identical to the deuterium content, expressed similarly of the DPN from which it 
was derived (10) A deuterium content of 1 atom of deuterium per molecule corre- 
sponds to a value of 16 7 atom per cent excess for nicotinanude 

giana, buffei, and D 2 O, weie incubated either in the dark or in the light 
In one experiment (Experiment 6d), the gas phase was mtrogen lather 
than air After incubation, the giana were removed by centrifugation 
and the DPN was split with Neurospora DPNase The resulting nicotin- 
amide was isolated and analyzed foi deuterium content 

The results of the isotope measurements are presented in Table I It 
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can be seen that, when the reaction mixture was incubated in the dark, 
the DPN contained only 0 02 atom of deuterium per molecule (Experi- 
ment 6a) whereas, when the reaction mixture was illuminated, the DPN 
contained an average of 0 48 atom of deuterium per molecule (Experiments 
6b and 6c) It is interesting that the DPN contained 0 62 atom of deu- 
terium per molecule when the reaction mixtuie was incubated under m- 
tiogen lather than aerobically (Experiment 6d) The explanation of this 
somewhat increased labeling is not readily apparent at the present time ® 
These results do, however, clearly demonstrate that the incoiporation 
of deuterium from the medium into DPN in the presence of grana is a 

Table II 

Incorporation of Deuterium into TPN by Illuminated Grana 
Each reaction mixture contained grana equivalent to 16 1 mg of chlorophyll, 53 5 
/imoles of TPN, 1000/imoles of Na 2 HP 04 -KH 2 P 04 buffer, pH 7, and 200 /nmoles of KCl 
The final volume was 20 ml and the final concentration of D 2 O was calculated to be 
approximately 82 per cent The reaction mixtures were incubated for 120 minutes 
either in the light or in the dark, as described in Table I, with shaking at 15-16° 
After incubation, the samples were treated as indicated in Table I In each expen 
ment, crystalline samples of nicotinamide were used for the deuterium analyses 


! 

Experiment No ^ 

Condi tioQs 

Dilution factor 

Deutenui 

Atom per 
cent excess* 

n content 

Atom per 
moleculet 

7a 

Dark 




7b 

Light 




7c 

(C 


nn 

wBM 


* Experimental values 

t Values corrected for dilution by carner-unlabeled mcotinarmde 


hght-dependent reaction In separate experiments it was demonstrated 
that the ability of illuminated grana to catalyze this incorporation of deu- 
terium into DPN was completely lost by heating the grana for 5 minutes 
at 100° 

Deuterium Incorporation into TPN — The ability of illuminated grana to 
catalyze the incorporation of deuterium from the medium into TPN was 
determined in a manner siimlar to that described above for DPN The 
results of the isotope measurements are presented in Table II It can be 

® There was some reduced DPN present in this reaction mixture after incubation 
and removal of the grana If the unlabeled DPN in the reaction mixture was reduce 
preferentially to the deuterium-labeled DPN during the incubation, i e if there was 
an isotope effect, then the remaining oxidized DPN would be enriched in deutenum 
This could explain the increased labeling of the DPN remaining at the end of t e re 
action observed in this experiment 
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seen that no deuteiium is incorpoiated into TPN in the dark (Experiment 
7a), wheieas with illuminated giana the TPN remaining at the end of the 
leaction contained about one-half an atom of deuterium per molecule (Ex- 
periments 7b and 7c) These results are in excellent agreement with 
those presented in Table I foi DPN 
Position of Deidenwn %n DPN — Having estabhshed that illuminated 
grana can catalyze the incorpoiation of deuterium into DPN from the 

Table III 

Site of Deuterium Incorporahon into DPN by Illuminated Grana 
The reaction mixture contained grana equivalent to 30 8 mg of chlorophyll, 121 
;imoles of DPN, 2000 /imoles of NajHPOi-KHsPO^ buffer, pH 7, and 400 /imoles of 
KCl The final volume was 40 ml and the final concentration of D 2 O was calculated 
to be about 87 per cent During incubation, the reaction mixture was divided into 
two 20 ml portions Each portion was incubated for 120 minutes in the light, as in- 
dicated in Table I with shaking at 15-16® After incubation, the grana were re- 
moved by centrifugation and the DPN was precipitated from the combined super- 
natant solution with acid-acetone and collected by centrifugation The precipitate 
was dissolved in water and the solution, which contained 75 mmoles of DPN, was di- 
vided into two fractions In Experiment 8a, the DPN present in one fraction was 
split with Neurospora DPNase, and the nicotinamide was isolated as indicated in 
Table I In Experiment 8b the second fraction was treated with sodium dithionite 
(in HjO) to yield chemically reduced DPN, which was isolated as the barium salt 
The reduced DPN, as the sodium salt, was oxidized enzymatically with acetalde- 
hyde and yeast ADH and the resulting DPN was treated as in Experiment 8a 
In each experiment, crystalline samples of nicotinamide were used for the deuterium 
analyses 




Deuterium content 


Eipenment No 

Dilution factor 



Per cent retention of 
deuterium 

Atom per 1 
cent excess* 

Atom per 
moleculet 

8a j 

20 4 

mSM 



8b 1 

27 4 

■■ 

■B 

75 


* Experimental values 

t Values corrected for dilution by carrier-unlabeled mcotinamide 


medium, it was of interest to ascertain the site of the deuterium in the 
nucleotide A sample of DPN which had incoiporated deuterium as pre- 
viously described w^as treated with sodium dithionite (in H 2 O) to yield 
chemically reduced DPN, which was isolated as the banum salt The 
reduced DPN, as the sodium salt, wms oxidized enzj'^matically v ith acetal- 
dehyde and yeast alcohol dehydrogenase and the deuterium content of the 
resulting oxidized DPN was deternuned The isotope measmements for 
these experiments are presented in Table III It can be seen (Experiment 
8a) that the starting DPN contained 0 44 atom of deutenum per molecule 
Chemical reduction followed by enzymatic oxidation (Experiment 8b) 
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yields DPN, which contains 0 33 atom of deuterium per molecule One 
may conclude from these results that deuterium can be transferred by the 
procedure employed The deuterium must, therefore, have been present 
at the site at which DPN undergoes reversible oxidation and reduction 
Since it IS known that the site of leversible oxidation and reduction is the 
7 position of the nicotinamide moiety of DPN (10, 11), it follows that the 
deutenum lemoved by reduction and reoxidation was present at this posi 
tion 

The quantitative aspects of these experiments (Table III, last column) 

Table IV 

Effect of Length of Incubation on Incorporation of Deutenum 
into DPN by Illuminated Grana 

Each reaction mixture contained grana equivalent to 13 5 mg of chlorophyll, 55 
/imoles of DPN, 1000 /jmoles of Na 2 HP 04 -KHjP 04 buffer, pH 7, and 200 /imoles of 
KCl The final volume was 20 ml and the final concentration of DjO was calculated 
to be about 86 per cent The reaction mixtures were incubated for varying times in 
the light, as indicated in Table I, with shaking at 14-15° After incubation, the 
samples were treated as described in Table I In each case, crystalline samples of 
nicotinanude were used for the deuterium analyses 


Tune of incubation 

Dilution factor 

Deutenum content 

Atom per cent 
excess* 

Atom per 
moleculef 

van 




15 

12 1 

0 22 

0 16 

30 

11 2 

0 47 

0 32 

60 

11 3 

0 71 

0 48 

120 

12 7 

0 84 

0 64 


* Experimental values 

t Values corrected for dilution by carrier-unlabeled nicotinanude 


are m reasonable agreement with data previously pubhshed from this lab- 
oratory on the effects of oxidation and reduction on the deutenum content 
of 7 -labeled DPN (18) One may conclude, therefore, that most or all of 
the deuterium found in DPN after dlummation is m the y position 

Deuterium Incorporation Versus Time — ^The rate of incoiporation of 
deutenum into DPN by illuminated grana was deterimned as follows In- 
dividual reaction mixtures, contaimng DPN, grana, buffer, and D 2 O, Yere 
each incubated aerobically in the light After incubation for a certain 
length of time, the grana were removed by centnfugation and the DI 
was spht wuth N eurospora DPNase The resulting nicotinamide was iso 
lated and analyzed for deutenum content ^ 

The results of the isotope measurements are presented m Table IV 
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can be seen that the deutenum content of the oxidized DPN lemaining at 
the end of the expeiiinent inci eases with increasing time of incubation 
It IS deal fiom these data that the late of incoipoiation of deuterium into 
DPN bj'^ illunnnated giana in these expeiiments is linear for at least the 
first 30 nnnutes Aftei this time, the late decreases as would be expected 
fiom the high degiee of labeling in the nucleotide 
Effect of Grana Concenti ation — The effect of giana concentiation on the 
incorpoiation of deutenum into DPN was determined m the following 
mannei Individual reaction inixtuies, which contained the same amount 

Table V 

Effect of Grana Concentration on Incorporation of Deutenum 
into DPN by Illuminated Grana 

Each reaction mixture contained grana equivalent to varying amounts of chloro- 
phyll, 63 5 Mmoles of DPN, 1000 Mmoles of Na 2 HP 04 -KH 2 P 04 buffer, pH 7, and 200 
Mmoles of KCl The final volume was 20 ml and the final concentration of DjO was 
calculated to be about 85 per cent The reaction mixtures were incubated for 120 
minutes in the light, as indicated in Table I, with shaking at 14-15° After incuba- 
tion, the samples were treated as described in Table I In each case, crystalline 
samples of nicotinamide were used for the deuterium analyses 


Chlorophyll content 

Dilution factor 

Deuterium content 

Atom per cent 
excess* 

Atom per 
moleculet 

1 



■■■■■■ 

3 6 

9 2 



7 2 

10 1 



10 9 

9 9 

0 79 


13 6 

11 8 

0 77 



* Experimental values 

t Values corrected for dilution by carrier-unlabeled nicotinamide 


of DPN, buffer, and D 2 O but different amounts of grana, were incubated 
aerobically in the light After incubation, the grana weie removed by 
centrifugation The DPN was split with Newospora DPNase and the 
resulting nicotmamide was isolated and analyzed for deuterium content 
The results of the isotope measurements are presented in Table V It 
IS clear from these data that the amount of deutenum incorporated into 
DPN IS dependent on the grana concentration At low grana concentra- 
tion, I e below a concentration eqmvalent to 7 2 mg of chlorophyll, there 
IS a linear relationship between the grana concentration and degree of 
labeling of the DPN At higher grana concentrations, theie is no longer 
a hnear relationship between the isotope content of the DPN and grana 
concentration 
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DISCUSSION 

The data presented above clearly indicate that deutenum horn the me- 
dium IS incorporated into DPN or TPN by illuminated grana The inti- 
mate mechamsm of this incorpoiation, however, is not clearly understood 
at the present time 

The most hkely mechanism would involve reduction of the nucleotide 
followed by oxidation of the reduced nucleotide In this manner, deu- 
tenum would be mcorpoiated into the nucleotide 'provided that the stereo- 
specificities of the reduction and oxidation processes ‘were not identical 
If the stereospecificity of the reduction process was identical with that 
exhibited by the oxidation process, the oxidized nucleotide would never 
contam any deutenum Under these conditions, the deuterium atom in- 
ti oduced into the reduced nucleotide in the reduction process would be 
removed upon subsequent oxidation of the reduced nucleotide Hence, 
the oxidized nucleotide would remain imlabeled This possibihty may be 
eliminated therefore, since the data clearly indicate that deuterium is 
incorporated into DPN oi TPN by lUuimnated grana 
The various types of stereospecificity which either the reduction or oxida- 
tion process may be expected to exhibit can be classified as follows (c) 
steieospecific for side 1 of the pyridine ring of the nucleotide,^ {b) stereo- 
specific for side 2 of the pyridine ring of the nucleotide, and (c) a lack of 
stereospecificity, i e non-stereospecific The possible combinations of 
these types of steieospecificity which would result in the incoipoiation of 
deutenum from the medium into DPN or TPN are as follows (1) the 
reduction process is steieospecific for side 1 and the oxidation process for 
side 2 or vice veisa, (2) the reduction process must be stereospecific for 
either side 1 or side 2 and the oxidation process must be non-stereospecific, 
(3) the third possibihty is merely the converse of (2), i e a non-stereospecific 
reduction followed by an oxidation which is stereospecific for either side 1 
or side 2 of the p 3 '-ndine ring, (4) lastly, it is possible that both the reduc- 
tion and oxidation processes are non-stereospecific 

Any of these possibfiities wiU result in the mcoiporation of deutenum 
from the medium into the oxidized pyndine nucleotide It is, therefore, 
not possible to rule out any of them merely because of the deutenum data 
alone However, in view of the evidence of San Pietro and Lang (12) 
that the reduction process is an enzjrme-catalyzed reaction, it seems reason- 
able that possibihties (3) and (4) are rather unhkely ones To date, every 
enzyme-catalyzed reaction which has been studied has been shovm to be 
stereospecific for either side 1 or side 2 of the pyridine rmg^ It 

’’ Side 1 IS defined here as that side of the pyridine ring to and from which hydrogen 
IS transferred by yeast alcohol dehydrogenase (18, 19) 
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appeal to be lathei unlikel 3 '', theiefoie, that the reduction process under 
consideiation, which is an enzyme-catalyzed leaction, would not also be 
steieospecific foi eithei side 1 oi side 2 of the pyridine ring 

It IS difficult to decide between possibilities (1) and (2) Any final deci- 
sion must ai\ait the elucidation of the natuie of the stereospecificity, if 
anj'-, of the oxidation piocess which is opeiative in these studies 

As mentioned pieviously, the rate of incoiporation of deuterium into 
DPN by illuminated giana is lineai foi about the first 30 minutes (Table 
IV) This finding allows one to calculate the initial rate of i eduction of 
DPN required to account for the degiee of labeling observed in the DPN 
(Since theie was no accumulation of reduced DPN m these experiments, 
all of the DPN which was leduced was subsequently reoxidized ) In 
Table IV we see that, at the end of 15 rmnutes incubation, the DPN con- 
tained 0 16 atom of deuterium per molecule Since the reaction mixture 
contained 55 /imoles of DPN, this means then that 0 16 X 55 or 8 8 /latoms 
of deuterium had been incorporated in this time Since the deuterium 
content of the medium was 86 per cent, then 0 86 /latom of deuterium 
would be incorporated per micromole of nucleotide reduced and reoxidized, 
assuming the absence of an isotope effect and, further, that possibility (1) 
is the coriect mechanism Undei these conditions, the deuterium atom 
incorporated into the reduced DPN upon i eduction of unlabeled DPN 
would not be removed on subsequent oxidation and would appear in the 
oxidized nucleotide Therefore, 8 8/0 86 or 10 2 //moles of DPN must 
have undergone reduction (and subsequent reoxidation) in 15 minutes 
The initial rate of nucleotide reduction is, therefore, 10 2 X 4/13 5 or 3 
//moles per hour per mg of chlorophyll 

If one assumes that possibihty (2) is correct, and, in addition, also as- 
sumed the absence of an isotope effect, then the rate of nucleotide reduc- 
tion would be higher than that calculated above, since less deuterium would 
be incorporated under these conditions per micromole of DPN reduced 
and subsequently reoxidized In this case, as above, the same amount of 
deuterium would be incorporated m the reduction piocess However, a 
pait of the deuterium present in the reduced DPN would be removed if 
the oxidation process v as not stereospecific Thus, only a fraction of the 
deuterium piesent in the reduced DPN would appear in the oxidized DPN 
Therefore, a greater amount of nucleotide would have to undergo reduction 
and subsequent oxidation to account for the amount of deuterium present 
in the oxidized nucleotide 

The rate of DPN reduction calculated above (3 //moles per hour per mg 
of chlorophyll) is comparable to that reported by Vishniac and Ochoa (2) 
foi the reduction of pyridine nucleotides in the presence of an added cou- 
pling system However, it is qmte low compaied to the rate of photo- 
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chemical reduction of ferncyamde by the grana used in these experiments 
(12 pmoles per hour per mg of chlorophyll) and very much lower than the 
rate of photosynthesis in intact plants It is interesting, however, that 
the rate of DPN reduction appears to be the same whethei or not an ex- 
ternal coupling system is piovided This finding supports the hypothesis 
pioposed by Vishniac and Ochoa (2) that “the rate-hmitmg step in these 
experiments is probably the reduction of the pyridine nucleotides The 
grana may be deficient m one or moie of the factors required to transfer 
hydrogen from the photolytic system to the pyridine nucleotides ” Addi- 
tional evidence in support of this hypothesis has recently been obtained 
in our laboratory We have been able to obtain a soluble extract fiom 
chloroplasts or whole spinach leaves which is required for the reduction of 
pyiidine nucleotides under the conditions of low grana concentration A 
description of the preparation and properties of this extract is m prepara- 
tion ^ 

Faster rates of nucleotide reduction have been reported by Hendley and 
Conn (20), using the TPN-glutathione reductase system from wheat germ 
or parsley It is possible that the reductase preparations used in these 
experiments contained the enzyme we have isolated from chloroplasts (oi 
whole spmach leaves) which is required for the reduction of pyridine nu- 
cleotides as indicated above 

The authois are indebted to Dr Sidney P Colowick for many helpful 
suggestions and discussions and to Dr Nathan 0 Kaplan for a generous 
gift of DPNase 


SUMMARY 

Experiments have been described which indicate that giana obtained 
from spmach leaves can incorporate deuterium fiom the medium into di- 
or triphosphopyiidme nucleotide in the light A possible mechanism for 
this incorporation is discussed 
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Complexes which contam deoxyiibonucleic acids and histones have been 
exti acted from a wide variety of tissues (2) Mirsky and Ris (3) have 
demonstrated that the components of such complexes occur combined in 
isolated chromosomes However, nucleohistone complexes can also be 
produced in vitro simply by mixing solutions of the constituent polyelec- 
trolytes For this reason, it is difficult to decide whether the products 
that can be isolated directly from tissues correspond to compounds which 
exist in the living cells or whether they are artifacts which anse during the 
extraction procedures This problem, which has repeatedly received at- 
tention smce the tune of Kossel, has been discussed by a number of authors 
(Kossel (4), Mirsky and Ris (3), and Chargaff (5)) 

Recent evidence has made it clear that both of the pnncipal moieties of 
nucleohistones, the deoxyribonucleic acid (6-8) and the histone (see Cramp- 
ton et al (9) for references m the hterature) consist of mixtures of chemi- 
cally different components If these heterogeneous polyacids and poly- 
bases are already combined in vivo, it would not be unreasonable to expect 
that particular fractions of deoxynbonucleic acid are preferentially asso- 
ciated with particular histone fractions The existence of specific combina- 
tions nught be detected by partially dissociating a “native”^ nucleohistone 
on the one hand and, on the other band, a “reassociated” nucleohistone 
which had been produced m the laboratory by recombuung the separate 
constituents The hberation under identical conditions of different prod- 
ucts from the two types of nucleohistone would suggest that the fractions 
were ongmally associated in a specific manner Previous studies revealed 
that fractions of deoxyribonucleic acid, which had similar base compositions, 

* A brief description of portions of this work was presented before the meeting of 
the Federation of American Societies for Experimental Biology, Atlantic City, April, 
1956 (1) 

t Present address. Departments of Pathology and Biochemistry, College of Medi- 
cine, Umversity of Florida, Gainesville, Florida 

* The term “native” is not used in an absolute sense, but only in contrast to the 
term “reassociated ” See Crampton el al (10) for a description of native and re- 
associated nucleohistones which were prepared by procedures slightly different from 
those employed here 
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were liberated when native and reassociated nucleohistones were partially 
dissociated (8) In the present study the histones have been investigated 
For this purpose, chromatography on IRC-50 (9) has been employed to 
characterize the mixtures of histones hberated 

EXPEEIMENTAD 

Unless otherwise noted, aU operations were earned out at 4° The 
native^ nucleohistones (Experiments 1, 2, 5, and 6, Tables I and 11) that 
served as the starting products for all further procedures were prepared 
from nucleohistone extracts obtained by 1 to 2 hours of extraction of 
washed residue of calf thymus with distilled water in the manner already 
desenbed (9, 11) The reprecipitated native and reassociated products 
were prepared from these matenals and subsequently processed in parallel 
to avoid the effects of differential aging The reassociated products were 
prepared by briefly exposing the native nucleohistone to the dissociating 
action of strong neutral salt solutions (10) For reasons stated below, 
either NaCl or Ba(OAc )2 was used for this purpose Histone samples 
were ready for chromatography about 15 hours after the death of the ani- 
mal In order to determine then total mnhydnn coloi, the nucleohistone 
preparations w’^ere dissolved in suitable volumes of 0 6 m Ba(OAc) 2 , and 1 
ml ahquots were analyzed by the mnhydnn method 

Reassociated and Native Nucleohistones Prepared hy Action of NaCl — To 
prepare reassociated nucleohistone, the native nucleohistone mentioned 
above was first suspended in distilled water (the product fiom 42 gm of 
calf thymus per 100 ml ) and an equal volume of 4 M NaCl was added 
with thorough mixing After 30 minutes, the viscous mass was slowly 
added, with gentle stnnng, to a 9-fold volume of distilled water The 
NaCl molarity was thereby lowered to 0 2 m After 30 minutes, the fibrous 
precipitate of reassociated nucleohistone was collected and squeezed on a 
sintered glass funnel with a spatula to remove excess fluid 

To effect fractional dissociation of the histones from this reassociated 
nucleohistone (Experiments 7b and 8b, Table II), the product was first 
cut into small pieces and dispersed m distilled w'^ater (100 ml per 20 gro 
of onginal calf thymus) with the aid of a high speed mixer (see Crampton 
et al (11)) A 2-fold volume of 0 3 M Ba(OAc )2 at pH 8 was added drop- 
wise wnth mechanical Stirling in order to bring the molanty to 02 M 
When a different final concentration of Ba(OAc )2 was desiied, the molan J 
of the Ba(OAc )2 solution added was adjusted accordingly After 30 mm 
utes, 2 volumes of ethanol w^ere added, and 15 minutes later the nuxtures 
were centrifuged (5 minutes at 2000 X g) The supernatant fluids uere 
filtered, evaporated to dryness, redissolved, and adjusted for chroma og 
raphy to 0 1 m Ba(OAc) 2 , pH 6 
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Table I 

Dissociation of Niiclcohistoncs by Aqueous Barium Acetate 


Licpcrimcnt 

No* 

Initial 

nuclco 

histone 

Preparation 

No 

Specimen of nucleohistone 

Per cent ninbydrin colort 
liberated when final Ba(OAc) 
molarity was 

0 10 SI 

1 

0 15 m 

0 20 SI 

1 

22 

Native, starting product 



28 

2 

27 

(( tt it -j- 



32 

3a 

23 

“ Ba(OAc) 2 -treated 



25 

3b 


Reassociatcd, Ba(OAc) 2 -treated 



25 

4a 

26 

1 Native, Ba(OAc) 2 -treated§ 

11 

27 

32 

4b 


Reassociated, Ba(OAc) 2 -treated 

10 

25 

27 


* Consult the experimental section of the text for details of the experimental 
arrangement 

t Referred to the color given by the nucleohistone in aqueous 0 6 m Ba(OAc )2 

} In this experiment, the 0 3 m Ba(OAc )2 added to the nucleohistone was pH 6 
rather than pH 8 

§ At 0 01 M and 0 06 M Ba(OAc) 2 , pH 6, 0 4 and 3 5 per cent, respectively, of the 
ninhydrm color of this specimen remained in the supernatant fluid 


Table II 

Dissociation of Nucleohistones in Ethanohc Banum Acetate 





Per cent ninhydnn colort 


Initial 


hberated when final Ba(OAc) 

Experiment 

No* 

Inucleohistone 

Preparation 

Specimen of nucleohistone 


molarity was 



No 


0 05 SI 

0 067 SI 

0 20 SI 

0 33 SI 

5 

21 

Native, starting product 


17 





<< << <« j 


18 



6 

22 

it it it 



66 


7a 

19 

Native, NaCI-treated 

13 

20 

72 


7b 


Reassociated, NaCl-treated 

11 

11 

68 


8a 

20 

Native, NaCl-treated 

12 

19 


79 

8b 

1 

Reassociated, NaCl-treated 

11 

17 


81 

9a 

27 

Native, Ba(OAc) 2 -treated 


21 



9b 


Reassociated, Ba(OAc) 2 -treated 


30 




* Consult the experimental section of the text for details of the experimental 


airangement 

t Referred to the color given by the nucleohistone in aqueous 0 6 m Ba(OAc )2 
i In this experiment, the 0 3 m BaCOAc). added to the nucleohistone was pH 6 
rather than pH 8 

A leprecipitated native nucleohistone with an experimental histoi^’’ 
closely comparable to that of the reassociated product was prepared from 
the native nucleohistone starting material by adjusting the NaCl concen- 
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tration diiectly to 0 2 m as follows A suspension of the native pioduct in 
distilled water (the same concentration as was used to prepare the reasso- 
ciated product) was thoroughly mixed with an equal volume of distilled 
water After 30 mmutes, the mixture was poured slowly with stiiring into 
a 9-fold volume of 0 222 m NaCl After an additional 30 minutes, the 
precipitate (largely granulai) was collected by centrifugation Fractional 
dissociation of this leprecipitated native nucleohistone was carried out 
with Ba(OAc )2 and ethanol, exactly as described above for the reassociated 
material (see Experiments 7a and 8a, Table II) 

For purposes of comparison, the original native nucleohistone starting 
material (Experiments 5 and 6) was also fractionally dissociated in the 
manner described above In some instances (Experiments 1 and 2), the 
histones present in the aqueous extract before the addition of ethanol were 
also determined by chromatographic analysis of an ahquot of the solution 
In these expeiiments, the 0 2 m Ba(OAc )2 suspension of the nucleohistone 
(pH 8 in Expermient 1, and pH 6 in Experiment 2) was centrifuged, and 
the supernatant fluid was filtered, diluted to 0 1 M Ba(OAc) 2 , and adjusted 
to pH 6 (if necessary) befoie chromatography The Ba(OAc) 2 -ethanol 
extracts (Experiments 5 and 6) were obtained in exactly the manner de 
scribed for Experiments 7a and 8a 

Reassociated and Native Nucleohistones Prepared hy Action of BaiOAc)^ 
Diffeiences between the reassociated nucleohistones and reprecipitated 
native nucleohistones prepared m NaCl imght arise fiom unequal losses of 
histone to the supernatant fluids remaimng after the final reprecipitation 
from 0 2 m NaCl To cover this eventuality, reassociated and native 
nucleohistones, analogous to the products described in the previous section, 
were prepared by the use of Ba(OAc )2 In this manner, it was not neces- 
sary to discard the supernatant flmds befoie chiomatography 

In Experiment 3a, the native nucleohistone starting product from 30 
gm of calf thymus wms dispersed in 100 ml of water To one-half of this 
suspension, 21 5 ml of 2 m Ba(OAc )2 (pH 8 5) were added to increase the 
Ba(OAc )2 concentration to 0 6 m in order to promote dissociation To 
bring about reassociation, 145 ml of water w’^ere added (aftei 30 minutes; 
and the lesulting mixture (0 2 m in respect to Ba(OAc) 2 ) was stirred for 30 
minutes and centrifuged The supernatant fluid was filtered, diluted to 
0 1 m Ba(OAc )2 and adjusted to pH 6, and used directly for chromatog- 
raphy The other half of the suspension of the native nucleohistone vas 
diluted with 21 5 ml of water, followed by 145 ml of O 3 m Ba(0 0)2 
(pH 8) added slowdy and wuth thorough mixing Aftei 30 minutes, 
mixture was centnfuged as before, the supernatant fluid was filtered, 1 u 
to 0 1 M Ba(OAc) 2 , adjusted to pH 6 , and used directly for chromatograp i)^ 
This material is referred to as native nucleohistone (Ba(OAc) 2 -treate 
Table I, Experiment 3a 
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In Experiment 4b, thiee abquots of a suspension of the onginal native 
nucleohistone staiting product were diluted with an equal volume of 1 M 
Ba(OAc) 2 , pH 6, to promote dissociation After 30 minutes, a sufficient 
volume of distilled water was added to the ahquots to reduce the molanty 
of Ba(OAc )2 fiom 0 5 to 0 2 m, 0 15 m, and 01m, respectively After 30 
minutes the mixtures were centnfuged, and the supernatant flmds were 
filteied and diluted to 0 1 M Ba(OAc )2 for chromatography The corre- 
spondmg extracts of native nucleohistones (Experiment 4a) were prepared 
by diluting ahquots of the same suspension of native nucleohistone with 
an equal volume of distiUed water After 30 min utes, enough 0 33 m, 

0 215 M, or 0 125 m Ba(OAc) 2 , pH 6, was added to raise the Ba(OAc )2 
molarity from 0 to 0 2 m, 0 15 M, and 0 1 M, respectively The mixtures 
were clarified and prepared for chromatography as above 

In Experiment 9b, native nucleohistone was dispersed in distilled water 
as before, and dissociation was effected by adding enough 1 m Ba(OAc) 2 , 
pH 6, to bring the mixture to 0 6 m After 15 rmnutes, reassociation was 
allowed to take place by adding distilled water to reduce the concentration 
of Ba(OAc )2 to 0 2 M After an additional 15 minutes, a 2-fold volume of 
95 per cent ethanol was added The mixture was centrifuged, and the 
supernatant flmd clarified, freed from alcohol, and prepared for chroma- 
tography as described for Experiments 7 and 8 

In the parallel Experiment 9a, native nucleohistone was partially dis- 
sociated by adding enough 0 231 m Ba(OAc )2 to a distilled water suspension 
of the histone to bnng the concentration of Ba(OAc )2 to 0 2 m Ethanol 
was then added and the mixture clarified and prepared for chromatography 
as for the reassociated product 

Chromatography of Histones — ^Appropnate ahquots of all samples of his- 
tones were chromatographed on 10 X 0 9 cm columns of Ba IRC-50 which 
had been equihbrated with 01 m Ba(OAc) 2 , pH 6 The eluent of gradu- 
ally mcreasing Ba(OAc )2 concentration was produced by continually adding 
10 m Ba(OAc) 2 , pH 6, to a 50 ml mixing chamber mitially filled with 0 1 
M Ba(OAc) 2 , pH 6 (see Crampton et al (11)) 

Results 

Dissociation of Nucleohistones by Aqueous Ba{OAc)i — When native nu- 
cleohistone is suspended m 0 20 m Ba(OAc) 2 , a portion of the histone is 
brought into solution, but the entire nucleic acid remains insoluble Chro- 
matography of the products dissociated in this manner (from Experiments 

1 and 2) reveals that only material emerging at the position of histone 
Fraction A is liberated (11) The fact that this fraction is readily disso- 
ciated from nucleic acid was exploited successfully m the methods used by 
Davison and Butler (12), by Davison and Shooter (13), and by Daly and 
Mirsky (14), who ongmally prepared matenals that had ammo acid com- 
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positions Similar to the Fraction A subsequently isolated chromatographi- 
cally (9, 11) From Table I it is apparent that both native and reasso- 
ciated nucleohistones yield similar percentages of the total ninhydnn color 
when they are dissociated by the action of aqueous 0 2 m Ba(OAc )2 (Ev 
perunent 3, Table I), or by aqueous Ba(OAc )2 of lower molarity (Experi- 
ment 4) The chromatograms of the histones hberated aie given in Fig 
1, and show that only Fi action A is dissociated from both types of nucleo- 
histone Chromatograms (not shown) of the histones dissociated by aque- 
ous Ba(OAc )2 at lowei molanty also revealed that only histones emerging 
at the position of Fraction A were hberated Attempts to dissociate 
Fraction B near neutrahty by treating the nucleohistones with Ba(OAc )2 



Fig 1 Chromatography of histones dissociated (a) from native, and (6) from 
reassociated, nucleohistones by 0 2 m Ba(OAc )2 (Experiment 3, Table I) In each 
experiment, a 6 ml sample, containing the product from 0 18 gm of calf thymus, was 
chromatographed 

at higher molarity were unsuccessful Above 0 3 m Ba(OAc) 2 , nucleic acid 
begins to dissolve 

Thus, native and reassociated nucleohistones could not be distinguished 
by the amounts nor by the chiomatographic behavior of the histones 
hberated by treatment with aqueous Ba(OAc )2 

Dissociation of Nucleohistones by Ba{OAc)z and Ethanol — Whereas dilute 
aqueous Ba(OAc )2 is able to hberate substantially all of histone Fraction 
A and none of Fraction B, the action of Ba(OAc )2 and ethanol is much 
more comphcated In the first place, when a 2-fold volume of ethanol is 
added to nucleohistone dissolved in 0 6 m Ba(OAc) 2 , thereby lowenng t e 
Ba"*”^ concentration to 0 2 m, the amount of mnhydnn color remaimng in 
the supernatant flmd is tvnce as great as that found when a similar quantitj 
of nucleohistone is exposed to 0 2 m aqueous Ba(OAc )2 (compare Expcn 
ments 1 and 2 with Experiment 6, Table II) This observation 
the basis of the more lapid procedmes for the preparation of the his one 
mixtures from which Fractions A and B were isolated chromatographica i 
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(11) Chiomatogiapluc analysis of the Ba(OAc) 2 -ethanol supernatant 
fluid leveals, as might be expected fiom the inci eased ninhydrin color, the 
presence of consideiable Fi action B, m addition to Fraction A (Fig 2) 
The amount of Fi action A lemaimng in the ethanolic supernatant fluids, 
honevei, is less than ivould have been found in the aqueous Ba(OAc )2 
extracts befoie the ethanol was added Appaiently ethanol, while hberat- 
ing some of Fi action B, causes some of Fraction A to reassociate with the 
suspended nucleohistone 

Although native and leassociated nucleohistones cannot be differentiated 
by the histones liberated by aqueous Ba(OAc) 2 , a difference between the 
two prepaiations does appear when ethanol is added to the aqueous mix- 
tuies This fact is illustiated in Figs 2 and 3 Fig 2 compares nucleo- 
histones previously tieated with NaCl, Fig 3 compares those previously 
treated vuth Ba(OAc )2 In Fig 2, it will be noted that at the lower con- 
centrations of Ba(OAc) 2 , upon the addition of ethanol, moie Fraction B is 
hberated and less Fraction A remains dissociated from the native than 
from the reassociated nucleohistone Thus, in Fig 2, a, 9 per cent of the 
maximal obtainable Fi action A and 12 per cent of Fi action B aie found, 
whereas the coi responding values for Fig 2, d are 20 and 6 per cent, re- 
spectively If the final Ba(OAc )2 molanty is raised fiom 0 05 M (Fig 2, a 
and d) to 0 067 M (Fig 2, h and e), 35 per cent of Fraction A and 17 per 
cent of Fraction B are obtained fiom the native nucleohistone, and 44 per 
cent of Fraction A and 8 pei cent of Fraction B from the reassociated ma- 
terial A similar result is shown in Fig 3 However, the mixtures of 
histones obtamed from the two types of nucleohistones when the final 
Ba(OAc )2 concentiation is raised to 0 33 m are indistinguishable (Fig 2, c 
and /) Apparently the imxtuies of histones obtained from native and 
reassociated nucleohistones by the action of Ba(OAc )2 and ethanol are not 
demonstrably different when more than about 30 per cent of the total 
histone has been hberated The senes of chromatograms (not shown) ob- 
tained from Experiment 7, Table II, was smular to those shown in Fig 2, 
which were obtained from Experiment 8 

Because it contains more arginine, histone Fraction B is moie basic 
than histone Fraction A This fact explains why Fraction B is eluted 
from the acidic lesin IRC-50 less readily than histone Fraction A (9, 11) 
The partial dissociation experiments indicate that in native nucleohistone 
a significant portion of the more basic histone Fraction B is attached b 3 
linkages which aie lelatively easib*^ ruptured by Ba(OAc) 2 -ethanol In 
leassociated nucleohistone, a much lower propoition of the histone Frac- 
tion B IS easily hberated bj'^ Ba(OAc) 2 -ethanol It would therefore appear 
that some of the hnkages imtially present are not restored if native nucleo- 
histone is dissociated by strong salt solutions and allowed to reassociate 
in dilute salt solution 
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Native 



Eeassociated 



A (d) 


(e) 

■ f 

j 

(f) 

Ul 


25 50 75 


pH [O IM (50 m3 ) — -J Om] 


Fig 2 Chromatography of histones obtained from native (a, b, and c), and from 
reassociated (d, e, and f) , nucleohistones by the addition of 2 volumes of ethanol to 
mixtures in 0 5 m Ba(OAc )2 (a and d), 0 20 m Ba(OAc )2 (b and e), and 10 m Ba(OAc )2 
(c and /) (Expenment 8, Table II) Each pattern has been drawn to represent the 
product obtained from 0 4 gm of calf thymus 


u 
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c 
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Fig 3 Chromatography of histones obtained (a) from native, and (6) from re 
associated, nucleohistones by the addition of 2 volumes of ethanol to suspensions o 
the materials in 0 2 m Ba(OAc) 2 , the samples correspond to Expenment 9, Table 
In each experiment, an 8 ml sample, containing the product from 0 16 gm of ca 
thymus, was chromatographed 
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The observed differences might depend on a number of physical or chem- 
ical features of the nucleohistones If histones become associated with 
nucleic acids in vivo in a highly stereospecific manner, such as that proposed 
for the attachment of protamines to nucleic acid (15), the original mode 
of combination might not be restoied upon more or less random reassocia- 
tion in vitro - It is significant m this connection that the nucleohistone 
of calf thymus contains nearly as many residues of argmme plus lysine plus 
histidine as total residues of phosphoius^ (see Crampton et al (11), Table 
IV) The nature of the difference which has been detected m the present 
study would suggest that in the native nucleohistone a larger proportion 
of the moie basic histone Fraction B is associated with less acidic fractions 
of the deoxyribonucleic acid than is the case m the reassociated nucleo- 
histone It is also possible that, m the native complex, the histones are 
bound to the nucleic acids principally by electrostatic forces, whereas in 
the reassociated product the histones are bound as well by non-ionic forces 
similai to those which cause isolated histones to aggregate^ with each 
other Regardless of what factors ultimately are responsible for the diffei- 
ences, the present findings suggest that at least a portion of the components 
of nucleohistones are originally combined in invo in a manner which is not 
restored upon random reassociation In assuming a molecular weight of 
10® for deoxyribonucleic acid (17) and a molecular weight of 10^ for the 
histones (compare the discussion of the molecular weights of histones (11)), 
it is apparent that in the nucleohistone of calf thymus there must exist 
about 150 molecules of histone for each molecule of nucleic acid There- 
fore, even within a smgle complex of average over-all composition, enor- 
mous vanety could be achieved by varying the locations where the differ- 
ent protein molecules were jomed to a molecule of nucleic acid The 
possibihty of the existence of such isomerism m the nucleoprotammes has 
been discussed by Fehx and coworkers (18, 19) Dissociation and reasso- 
ciation in vitro of the nucleohistones of calf thymus probably produce 
isomers in which the histone molecules have assumed new positions along 
the nucleic acid molecules That many of the properties of nucleohistones 
would not be affected by such isomerism is indicated by previous work 
(20, 10, 8, 21), which showed that native and reassociated nucleohistones 
are mdistingiushable according to certain critena 

- Reassociation of the components at higher dilution might give a product more 
similar to the original, native nucleohistone The properties of reassociated pro- 
tamine nucleate appear to be markedlj’- dependent upon the concentration of the 
protamine and nucleic acid in the solutions that are mixed ( 16 ) 

’ Dr J A V Butler and Dr P F Davison (personal communication) have also 
noted a correlation between the number of arginine residues and the number of 
phosphate groups in the nucleohistone of calf thymus 

■* Trautman, R , and Crampton, C F , to be published 
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SUMMARY 

Nuclcolnstone specimens which weie piepaied by conditions not con- 
ducive to dissociation of the component histones and deoxynbonucleic 
acids have been compaied with the coiiesponding materials pioduced by 
intentional dissociation and leassociation Tieatment with Ba(OAc )2 and 
subsequently by ethanol undei suboptimal conditions was used to liberate 
the histones fiom both types of iiucleohistone The histones hbeiated 
weie detci mined by clnomatography on Ba IRC-50 It was found that 
moie histone Fi action B and less histone Fi action A lemained dissociated 
aftei tieatment of the native nucleohistone than was the case mth the 
icassociated pioduct This finding has been intei preted to indicate that 
the oiiguial combination of histones and deoxyribonucleic acid m mvo is, 
at least in pait, specific 
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Patients with porphyria usually dischaige large amounts of uiopor- 
phj’-rins, manil}'' as a mixtuie of the isomers I and III, as well as other 
porphj’^rins Knowledge concerning their quantitative distribution in 
the disease has long been sought The chiomatograpluc separation of 
methyl esteis of uioporphj'-rm I and “Waldenstrom porphynn” (1, 2), 
then beheved to be uroporphyiin III, was described by Fischei and Hof- 
mann (3), with talc as the adsorbent Working with the same adsorbent, 
Grinstem, Schwartz, and Watson (4) and Watson, Schwartz, and Hawkin- 
son (5) found no evidence of uroporphyrin III in the Waldenstrom porphy- 
rin Nicholas (6) also reported no separation of the isomers on talc and 
othei adsorbents The recent articles by Nicholas and Rimington (7), 
Kennard and Rimington (8), Watson and Berg (9), and Watson et al (10), 
while presentmg the different views on the controversial Waldenstrom 
porphynn, have indicated an urgent need of a better method of separating 
the uropoiphynn isomers The present paper is concerned with the 
chromatographic separation of methyl esters of uroporphyrins I and III 
on a “Hyflo Super-Cel” column and the chemical nature of the so called 
Waldenstrom porphyrin isolated from acute cutanea, taida and patients 
with a mixed type porphyria 

Procedure and Results 
Materials 

Uroporphyrin I (UI) methyl ester, m p 293-295°, was a gift from Dr 
Watson and Dr Schwartz,^ uroporphyrin III (UIII) methyl ester (tma- 
cm), m p 258-260°, was a gift from Dr Rinnngton,^ and Gray's Walden- 

* This investigation was supported by a research grant. No RG-1598(C5), from 
the National Institutes of Health, Public Health Service 

‘ The authors wish to thank Dr C J Watson and Dr S Schwartz of the Uni- 
versity of Minnesota, Minneapolis, Dr C Rimington of the University College Hos- 
pital Medical School, and Dr C H Gray of King’s College Hospital Medical School 
London, England, for their gifts of special porphyrins 
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strom porphyrin estei, m p 251-256°, a typical sample from a patient with 
acute poiphyna (11), was a present from Dr Gray ^ 

Other porphyrin samples weie isolated from mine of patients with por- 
phyna ^ Patient 2, a female aged 51, was afflicted with porphyria cutanea 
tarda for years but suffeied no abdominal pain or nervous symptoms, 
Patient 3, a male aged 50, had the same symptoms as Patient 2, Patient 4, 
a male aged 52, a familial victim of interimttent acute porphyiia, vas 
totally paralyzed for 3 months, Patient 5, a female aged 43, was afflicted 
with a mixed type with abdominal pain and skm lesions, Patient 6, the son 
of Patient 5, aged 20, show^ed cutaneous lesions 6 months previously. 
Patient 7, an 81 year old male with cutanea tarda, suffered fiom sclerosis 
and severe skin lesion After his death from a brain hemorrhage, samples 
of the hver and serum were kept m a freezer 

The total porphyrins were generally isolated from the urine samples bj' 
adsorption on talc, and from the hver by ethyl acetate-acetic acid and 
dilute ammoma extraction, followed by esterification and chromatography 
A number of less knowni porphyiins, including the one hereafter tenta- 
tively designated as “7III” porphyrin, its methyl ester melting at 217- 
218°, were isolated from large volumes of urine from Patients 2 and 3 

The Waldenstrom porphyrin (1, 2) was prepared from the ethei-e\- 
tracted urine samples by extraction with ethyl acetate at pH 3 0 to 3 2 
The ethyd acetate solution of the porphyrin was evaporated to dryness 
under a reduced pressure and estenfied as usual 

Chromatography 

Hyflo Super-Cel Column Chromatography — The Hyflo Super-Cel is an 
amorphous diatomaceous sihca produced by Johns-Manville Because of 
the loose and sandy nature of the adsorbent, the column was packed with 
small portions at a time of the dry matenal, with mcreasing suction The 
sample to be chromatographed was dissolved in a small volume of chloro- 
form and mixed thoroughly with a small amount of Hyflo Super-Cel 
After the adsorbed sample was dned in air, it was carefully placed on the 
top of the column and packed to a uniform layer of 2 to 3 mm thickness 
Then another 1 cm layer of Hyflo Super-Cel W’^as packed on top of the 
sample to protect it from being disturbed by the developmg solvent and 
to maintain a uniform start of the development A slight suction, applied 
before the developing solvent was mtroduced, was mamtamed dunng the 
development and stopped as soon as the solvent front reached almost to 

2 Unne samples from Patients 2 and 3 were made available to us througli the 
courtesy of Dr M Zimmerman of 'Whittier, California, and those from Patients o 
7 v ere provided through the courtesy of Dr A Redeker, Dr R Sterling, and r 
Chiamori of the County Hospital, Los Angeles, California 
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the bottom of the column With these precautions, streaking was pre- 
vented 

The developing solvent, used foi the piimary sepaiation of the crude 
porplijum esters, is composed of chloroform (U S P ) and light peti oleum 
ethei (b p 30-60°) in a volume ratio of 1 2 The crude porphyrins from 
the cutanea tarda and mixed type patients (Patients 2, 3, 5, and 6) revealed 
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Text-Fig 1 Chromatograms of porphyrin methyl esters from porphyria urine 
A, separation of the total porphyrins on the Hyflo column C I III stands for 
coproporphynn I and III, U I III for uroporphyrins I and III, 7 III, 5 I III, 6 III, 
and 8 for less known porphyrins, B, distribution of UI and UIII on a typical long 
Hyflo column, C and D, separation of the Waldenstrom porphyrin from an acute case 
(Patient4) onanMgO column (6) anda Hyflo column, respectively, and^, separation 
of the Waldenstrom porphyrin from Patient 6 on an MgO column with a modified 
developing solvent (see the text) 


more than six distinct zones on the column, representing more than eight 
different porphynns The major zone contained esters of uroporphynns 
and was located just above the “7III” porphyrin zone (Text-fig 1, A) 
The zones were, respectively, cut out and eluted with chloroform The 
isomers were not separated on the primary column 
For the separation of esters of uroporphynns I and III, a longer chro- 
matographic tube, 18 X 40 cm , was used It was packed with Hyflo 
Super-Cel to a height of 30 cm or more A thm layer of the sample- 
adsorbed Hyflo Super-CJel and another layer of plain Hyflo Super-Cel were 
successively introduced onto the top of the column as descnbed before 
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The column was first ungated with 50 ml of benzene and then with 50 
ml of a mixture of chlorofoim and benzene (both leagent grade, 1 2) 
It was followed successively by 50 ml portions of the same nuxture con- 
taining, respectively, 1, 2, and 3 diops of ethyl alcohol (60 drops per ml ) 
In about 1 5 hours the poiphynn front almost reached the bottom of the 
column The volume of the last portion of the developer, that is the 
chlorofoim-benzene mixture contaimng 3 drops of alcohol per 50 ml , may 
be mcreased or reduced according to the location of the advancing porphy- 
rm front With the aid of ultraviolet light, the entue fluorescent zone, 
which might measure about 12 cm , was marked out m cm , and the frac- 
tions were removed cm by cm and dried in an Each fraction was then 
repacked m a small Allihn type filter tube and eluted with chloroform 
Of the dozen fractions, several lower ones contamed only UI ester, the 
upper ones only UIII, and the middle ones unresolved mixtures of different 
compositions The exact distribution of the isomers along the zone vanes 
largely with the size and composition of the original sample When a 
pdot column has been processed with a mixture of about 0 5 mg , the whole 
fluorescent zone may be divided into seven or even five fractions, with the 
top and bottom fractions thicker than several cm and the nuddle ones 
thmner than 0 5 cm Oftentimes only about 0 5 cm of the zone some- 
where below the nuddle hne was found to contain both isomers It is 
advisable to remove the fractions from both ends of the column and to use 
a separate filter tube for the elution of each fraction in order to avoid any 
unnecessary contamination 

A larger column of 3 X 60 cm was used for samples up to 2 to 3 mg 
and was packed with Hyflo Super-Cel to about three-fourths full When 
the sample was properly introduced, it was developed first by 150 ml of 
benzene and then 150 ml portions of chloroform-benzene (1 2) mixture 
containing, respectively, 0, 3, 6, and 9 drops of ethyl alcohol The develop- 
ment took 2 to 3 hours The rest of the procedure was the same as before 
Here agam the unseparated mixtme of the isomers occupied about 1 to 2 
cm of the total 20 to 25 cm zone 

Paper Chromatography — For the identification of uroporphyrms and 
their decarboxylation products, coproporphynns, the paper chromato- 
graphic methods of Falk and Benson (12) and of Chu, Gieen, and Chu 
(13) were, respectively, employed with some modifications as follows 

Chu-Green-Chu Method — The original chromatographic set-up was not 
changed The first development was made in a mixture of 3 ml of kerosene 
and 3 ml of chloroform under a kerosene atmosphere for 20 imnutes 1 ^ 
second development was made in 5 ml of kerosene and 0 9 ml of n-propy 
alcohol, also under a kerosene atmosphere for an hour The solvent fron 
of the second dip was marked for the calculation of the Rf values e 
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base line foi spotting the samples was set at 1 2 cm fiom the lower edge of 
the paper, and the sizes of the sample and the spot were limited to about 

0 5 7 and 2 mm in diametei, lespectively 

FaIk-Bcnso7i Method — The above chiomatographic set-up was used 
The fiist keiosene-chloiofoim development was also the same as above 
The second development was made in a nuxtuie of 4 4 ml of keiosene and 

1 S ml of dio\an (leagent giade) undei a mixed atmospheie of the same 
amount of the developei placed m the outer beakei foi 1 houi at 22-24° 
At loom tempeiatuie aiound 20° oi 26°, the volume of kerosene was 
changed to 4 3 oi 4 5 ml , lespectn elj"- The size of the sample was limited 
to about 0 3 7 , w'hereas the base line and the spot size w’^ere kept the same 
as 111 the Chu-Gieen-Chu method With these modifications a bettei 
separation of the isomeiic uropoiphyini esteis and lepioducible Rp values 
was obtained The best result w^as aclneved when the sample spot con- 
tained 50 pel cent of a mixture of equal amounts of the twm pure isomers 
Bj’- addition of such a cariiei, the minoi constituent of the original sample 
was increa'ied to a value greatei than 25 per cent of the total, as obseived 
on the paper chromatogram, and consequently the relative mtensity of 
each of the two fluorescent spots would be 25 to 75 per cent of the total, 
which was found to be the most satisfactor}’’ range foi estimation of iso- 
meric proportion 


Results 

Sepal ahon of Uropoiphynns I and III — The crude esters of uropoi- 
phynns isolated from urine of Patients 2, 3, 4, and 6 were all obtained m 
hair-hke crystals, but with wide melting pomt ranges between 265-280° 
Each sample w as punfied by the use of a second column before it was intro- 
duced into a long Hyflo column as described under chiomatography It 
w as a continuous chromatogram wuth a higher concentration at the low^er 
end (Text-fig 1, B) The eluate of each fraction was analyzed by the 
modified Falk-Benson method The paper chromatogram of a typical 
pilot batch was shown in Text-fig 2 Melting points w^ere determined 
after crystalhzation from chloioform-methanol The products, melting 
below 260° and showing the same Rp values as Rmungton’s UIII, were 
mixed as the crude UIII Those melting above 290° and having the same 
Rp value as Watson’s UI were mixed as the crude UI, and then furthei 
purified on long Hyflo columns to ehminate any possible contamination 
wuth one another The puie UI ester thus obtained melted at 293-295°, 
and the pure UIII ester melted at 258-261° (Fig 1, a and b) Both show ed 
the same absorption maxima at 502, 535, 571, and 626 ni/i m chloroform 

In order to determme the efficiency of the Hyflo column in the separa- 
tion of the isomers, an artificial mixture of 245 y of Watson’s UI ester and 
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196 7 of Rimington’s UIII ester was subjected to the same procedure 
As a result, 145 7 of UI ( m p 293°), 118 7 of UIII ( m p 262°), and three 
small fi actions of unresolved isomers totahng 51 7 were obtained As shown 
by paper chromatography, these fractions contamed about 32 7 of UI ester 
and 19 7 of UIII ester Regardless of the loss on the column, an over-all 
yield of 56 4 per cent of UI and 43 6 per cent of UIII against 55 5 pei cent 
of the former and 44 5 per cent of the latter in the onginal sample was 
accounted for 

The experiments on decarboxylation were carried out in sealed tubes 
according to the procedure of Edmondson and Schwartz (14) The esten- 


KC-KD 

09 0 0 9 0 


UI I 2 3 4 5 6 7 8 9 10 II 12 UIII 

Text-Fig 2 Paper chromatogram of esters of UI and UIII separated on a typical 
pilot Hyflo column UI and UIII stand for uroporphyrin I and III markers, Nos 
1 to 12, for eluates from respective sections of the column (see Text-fig 1, B) The 
solvent mixture KC-KD consisted of 3 3 ml of kerosene-chloroform, followed by 
4 4 1 8 ml of kerosene-dioxan at 22° 

fied decarboxylation product of each isomer revealed a single zone on a 
Hyflo column and a clear spot corresponding to methyl ester of copropor- 
phynn I or III on a paper chromatogram, according to the modified Chu- 
Green-Chu method They were readily crystallized from chloroform- 
methanol in the well known crystaUine forms of coproporphynn I (copro-I) 
ester, mp 248-250°, and copro-III ester, mp 146-148° and 165-170 
(Fig 1, c and d) Their absorption maxima in chloroform were 499, 533, 
568, and 622 m;i Other data are listed in Table I 

Waldenstrom Porphyrin — ^Although the patients under investigation 
suffered porphyria of different types, the crude Waldenstrom porphynn 
ester prepared from Patients 2, 4, 5, and 6 crystalized in a more or less 
similar form with a melting point of about 255-265° Their chemica 
compositions w^ere, howmver, different, as showm by the paper chromatog- 
raphy (Text-fig 3) Patients 2 and 6, both patients wuth cutanea tar a. 
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and Patient o, with a mixed type, showed, besides uioporphynns, the 
piesence of moie than 10 pei cent of a heptacarboxylic porphyrin of the 
III senes, “7III,” nJieieas Patient 4, with an acute type, discharged al- 
most exclusively uioporphj’’rins The Waldenstrom poiphyrin first iso- 
lated by Waldenstrom ci al (1, 2) Avas also from a patient with acute 
poiphjiia In each case the total amount of porphyrins extracted with 


Table I 

Major Porphyrins Isolated from Porphyria Patients 




Uroporphjrin I 

Uroporphyrin III 

“ini” 

porphyrin 

Patient 

No 

Urine, 

ml 



Per cent composition 
determined by 



Per cent composition 
determined by 
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mg 
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295 
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Decarboxylation products 
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"7III” copro in 
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1 UI 

copro J , 

copro I 

1 UIII 

copro III 

copro III 

manOM 

copro III 

copro III 


y 

y 

°C 
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2 

220 

140 

252 

285 

195 

149/170 

210 

135 

150/173 

4 

120 

53 

250 







^ i 

125 

1 

60 

251 j 

75 

32 

148/162 

60 

28 

146/170 


ether and then ethyl acetate was the same as that by the adsorption on 
talc With the urine from Patient 4 no extraction with ether was per- 
formed, and the minor constituents, “7III,” “6III,” etc , amounting to 
much less than 0 5 per cent, were also found in the ethyl acetate extract 
on the Hyflo column (Text-fig 1, U) 

Of those minor constituents isolated (to be reported later), the “7III” 
porphyrin is of special interest Apparently its methyl ester is similar to 
the product “208” reported by Grinstein et al (4) and the “pseudouro,” 
mp 211-216°, reported by Falk et al (15) It was readily separated 
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from other members on a pnmarj’- Hyflo column and was found to be pres- 
ent m unne samples of all the patients and also in hver and senim of 
Patient 7 After chromatographic purification, it crystallized (not as 
readily as Waldenstrom ester) from chloroform and methanol as fine nool- 
hke needles, mp 217-218° (Fig 1, e) Its absorption m chloroform at 



Text-Fig 3 Paper chromatogram of esters of urinarj’’ porphjnns from different 
patients (Nos 2, 4, 5, and 6), with their intensitj distribution expressed in per 
centage E stands for ether-extracted portion, W for ethj I acetate extract or Wal 
denstrom porphj nn 


502, 537, 571, and 625 m/i was obsened The free porphj’rm showed its 
best appioxunate relation to a heptacarboxjdic porphjmn on the lutidine- 


water paper chromatogram (16) The HCl number of the porph 3 mn is 
0 03 and that of its ester is 0 2, as compared with 0 08 and 0 35 for copro- 
porphjTin and its ester, respectively The presence of this and other 
porphynns in the ether extract (Text-fig 3) might have caused some 
variations m the estimation of coproporphj^rms of certain crude piepara- 
tions By decarboxjdation, the “7III” porphj’rm juelded 90 per cent o 
coproporphynn III, its ester melting at 148-150° and 169-173° (Fig h 0 
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Foi the sepal Ltion of the Waldenstiom porphyrin ester, both the MgO^ 
column, accoiding to Nicholas (6), and the Hyflo column weie used foi 
compaiison The diffeience of the two chiomatogiams with the product 
fiom Patient 4, m p 256-205°, was shown m Text-fig 1, C and D The 
Hyflo column ga^c a cleai sepaiation of the “7III” and otheis Similai 
lesults ■\^ele obtained fiom anothei Waldenstiom poiph3nin from Patient 
6, m p 251-262°, on the MgO and Hj'flo columns Although it n as known 
fiom papei chromatogiaphj’’ (Text-fig 3) that Patient 6 contained about 
15 per cent of the “7III” poiplijum, 3’^et the MgO column still showed no 
separation of this porphjuin and uiopoiph3Uins Howevei, when the sol- 
vent S3"stem, benzene-methanol, was changed to a piopoition of 100 2 in- 
stead of 100 4, as oiigmally specified (6), the “7III” estei and uropoiphyrin 
esters ^^ere also sepaiated on an A4gO column (Text-fig 1, E) 

The uropoiph3uin isomers, sepaiated from the Waldenstrom porphyrin 
b3’’ a primar3’’ H3^flo column, veie then sepaiated on a long H3'^flo column 
as described befoie The isomeiic composition of UI and UIII found by 
the H3^fio column agieed vith that found by the papei chromatograph3’- 
(Text-fig 3) The lesults aie listed m Table I 
A small sample of a considerably punfied'* typical Waldenstrom porphy- 
rin ester was kindl3’- sent to us b3'’ Di Gray It melted, according to Di 
Gray, at 251-256° Fiom oui obseivation through a microscope, it melted 
mainl3'’ as leported but not complete^'’ until 264-266°, even vnth a single 
cr3'^stal Its absorption maxima in chloioform weie found at 502, 536, 
570, and 626 mu On a paper chiomatogram it revealed itself as a mixture 
of uroporphyrins with UIII predominating and without any detectable 
amount of the “7III” porphyrin The small sample, 195 7, was chiomato- 
graphed on a special 0 75 X 40 cm Hyflo column, with heaviei suction 
throughout the development Due to the high vacuum created in the 
system, the eluate froze at the outlet of the column Despite a waim air 
current occasionally blowing around the exit to ease the passage of solu- 
tion, the poiphynn fiont reached only a little over one-half of the column 
after 5 hours However, 10 7 of UI estei, mp 290°, and 78 7 of UIII 
ester, mp 254-260° (Fig 1, g and h), weie isolated from this column 
One-third of the sample was still a mixture By decarboxylation, the 
UIII yielded 41 7 of coproporphyrin III ester 

DISCUSSION 

Hyflo Super-Cel has been found to be a better adsorbent for the separa- 
tion of porphynn esters than othei materials tested, although the adsorb- 

^ A sample of MgO with an iodine number of 29 was kindlj supplied bj Dr Charles 
Rosenblum, Merck and Companj’, Inc , Rahwaj , Nei\ Jersei 
■* Personal communications 
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ing efficiency vaiies slightly fiom batch to batch In order to remove 
any undesnable impurity, it should be washed with chloroform and dried 
thoioughly before use The addition of a small amount of ethyl alcohol 
to the developing solvent helps the spieading of the uropoiphyiin zone 
on the column, but largei amounts will prevent the spieading Chloio- 
form from diffeient companies contains different amounts of alcohol, and 
that of the leagent grade is prefeired 

Attempts have been made to separate esteis of UI and TJIII into distinct 
zones by inci easing the length of the Hjffio column without much success 
Besides the experimental difficulties encountered in the chromatography 
of Giay’s pioduct, a longer developing time (overnight) increases the 
possibility of partial hydiolysis of poiphynn esteis, a phenomenon which 
has also been noticed by other investigators (17) working with aluimna 
columns 

Falk and Benson’s papei chiomatographic method (12) for uroporphyrin 
esters has been modified By changing the proportion of solvents with 
change in room temperatuie and limiting the size of the sample and the 
developing time, a better chromatogiam with reproducible Rf values was 
obtained As mentioned before, the satisfactory range for estimation of 
isomenc pioportion by this method is hrmted Theiefore, when this 
method is used as a guide for the column chromatography of uioporphy- 
nns, it IS advisable to treat those segments nearest to the unresolved ones 
(c g Nos 3 and 7 in Text-fig 2) fiom a long Hyflo column still as crude 
products in spite of then satisfactory melting points 

The esteis of UI and UIII separated by the Hyflo column weie respec- 
tively identified with Watson’s UI and Rimington’s UIII ester and, also, 
their decarboxjdation products were identified The possible existence of 
uroporphyrins II and IV in nature, as was pointed out by MacDonald 
(18), would add some doubt as to the purity of all the uroporphyrins thus 
fai isolated from natural substances, although these contaminants seem 
to be small 


The identity of oui pioduct, the “7III” porphyrin, wuth “208” of Wat- 
son et al (5) IS yet to be estabhshed because theie aie some small diffei- 
ences, such as in melting point, HCl number, and sources of materials 
Watson et al prepaied their “208” fiom pooled urine of a group of pa- 


tients with acute porphyiia, whereas our “7III” was mainly from patients 
with cutanea tarda We did, however, isolate a small amount of “7III 
poiphynn from Patient 4, also wuth an acute case of porphyria Further- 
more, we have found a heptacarboxyhc porphynn of senes I (“71”) on 
decarboxylating UI, its meth 3 d estei melting around 240° The “71” por- 


ph^Tin yielded copro-I on further decarboxjdation 

Fiom our findings thus far, we are inclined to believe that the so called 
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Waldenstiom poiphyiin is a gioup of ethyl acetate-e\ti actable poiphynns 
Fiom uune of patients with poiphyiia, it is a mixture of UI, UIII, and 
“7III,” and possibly some “71” poiphynns The exact peicentage com- 
position of such a imxtuie vanes with the patients and, to a lessei degree, 
Mitli experimental conditions As Diesel ct al (19, 20) have pointed out, 
even pure UI can be exti acted quantitatively into ethyl acetate in a 
strongly buffered solution In some instances the percentage of “7III” 
porphjuin maj'^ be so small that the pioduct will be the same as the “type 
B Waldenstrom poiphynn” of Watson et al (4, 5, 9, 10) This, of course, 
does not exclude the possibility of a moleculai compound of UI and UIII 
with certain definite composition, but expeiimental evidences, includmg 
the x-raj’’ diffi action patterns (8, 10), indicate that the chance is small 
"WTiether the presence of the “7III” porphynn has some special relation 
to patients with cutanea taida remains to be seen 

SUMMARX' 

1 The methyl esters of uroporphyrins I and III (UI and UIII) iso- 
lated from unne and hver of patients with porphyria, including intermit- 
tent acute, cutanea tarda, and mixed types, have been separated on a 
Hyflo Super-Cel column by using chloroform-benzene as the developmg 
solvent, thus confirming the presence of disputed uroporphyiin III m 
urine from patients with porphyria 

2 The procedure of conducting Hyflo columns for the efficient separa- 
tion of porphynn esters as well as the uroporphyrin isomers has been de- 
scribed in detail 

3 A less famihar heptacaiboxyhc porphynn of series III has been iso- 
lated from these patients It is readily separable from uroporphyrin esters 
on a Hyflo or modified MgO column The possible identity of this por- 
phynn with Watson’s “208” porphyrin is discussed 

4 The Waldenstrom porphynn has been prepared from unne of pa- 
tients with acute porphyria as well as with cutanea tarda Chromato- 
graphic analyses have revealed its nature as a mixture of UI, UIII, and 
“7III” poi-phyrins of varying pioportions from patient to patient The 
possibihty of a molecular compound with certain definite composition is 
mentioned 

5 The paper chromatographic methods of Chu-Green-Chu and Falk- 
Benson have been modified for the respective identification of copropor- 
phynns I and HI, and uropoiphynns I and III 

The authors wish to express their appreciation to Sister Agnes Ann 
Green for her interest in this investigation 
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explanation of plate 1 

Fig 1 (a) Crystals of uroporphyrin I methyl ester, m p 295°, (6) crystals of uro 
porphyrin III meth3d ester, m p 261°, (c) crystals of coproporphyrin I methyl ester, 
m p 250°, obtained by decarboxylation of (a) , (d) crj’^stals of copro-III methjd ester, 
m p 148° and 170°, obtained by decarboxylation of (6), (e) crystals of “7III" por- 
phyrin methyl ester, m p 218°, (/) crystals of copro-III methyl ester, m p 150° and 
173°, obtained by decarboxylation of (e), (g) and (h) crystals of methjd esters of 
uroporphyrins I and III, respectively, separated from Gray’s Waldenstrom porphy- 
rin Magnification (e) X145, others X70 
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FURTHER STUDIES ON THE MECHANISM 
OF PHOSPHOGLUCOMUTASE, THE 
PHOSPHOENZYME BOND* 


B \ JAMES B SroBURY, Jr , and VICTOR A NAJJAR 

{From Ihc Department of Pediatrics, The Johns Hopkins University School of Medicine, 
and The Johns Hopkins Hospital, Baltimore, Maryland) 

(Received for publication, November 14, 195G) 

The mechanism by which the enzyme phosphoglucomutase conveits 
glucose 1-phosphate to glucose 6-phosphate was repoited eailier (1, 2) and 
involves two distinct steps as follows 

Glucose 1-phosphate phosphoenzyme (1) 

jr 

Glucose 1,6 diphosphate -f- dephosphoenzyme 

jr 

Glucose 6-phosphate -h phosphoenzyme (2) 

The validity of this mechanism was estabhshed bj*^ characterization and 
measuiement of the component parts of the leaction (2) Thus the en- 
zyme exists in two forms, a phosphoiylated and a non-phosphorylated 
form The phosphoiylated mutase loses its phosphate by reacting with 
glucose 1-phosphate or glucose 6-phosphate to produce the diphosphate 
m each case The diphosphate may then react with the dephosphorylated 
mutase In such a leaction the Cl-phosphate of the diphosphate may be 
transferred to the enzyme to produce the phosphorylated enzyme and 
glucose 6-phosphate Alternatively, the C6-phosphate may be trans- 
ferred and result m the formation of phosphoenzyme and glucose 1-phos- 
phate 

The results reported in this paper mdicate that the enzyme possesses 
1 mole of phosphate per mole of enzyme and that this phosphate group 
IS transferable to either of the two glucose monophosphates The value 
for the standard free energy of hydrolysis of the enzyme-phosphate bond 
is found to be —3914 calorie, based on a value of —3000 calone for the 
AF° of hydrolysis of the phosphate bond m glucose 6-phosphate (3) The 
standard free energy change of each step was calculated from the respec- 
tive eqmhbrium constants ki and fe for Reactions 1 and 2 obtained at 30° 
at pH 7 5 fci = 4 58 and ki = 3 76, based on an over-all equilibrium 
constant, K = 17 2, for the whole reaction (4, 5) A preliminary account 
of this work was reported earhei (6) 

* This investigation was supported by research grant No RG-3209 from the Di- 
vision of Research Grants, National Institutes of Health, United States Public 
Health Service 
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MECHANISM OF PHOSPHOGLUCOMUTASE 


EXPERIMENTAL 

The reaction was staited (a) with glucose 1-phosphate and phospho- 
enzyme, (5) with glucose 6-phosphate and phosphoenzyme, or (c) with 
glucose 1 ,6-diphosphate and dephosphoenzyme It was earned out under 
the following standard conditions Mg++, 1 X 10“^ m, histidine, 5 X 10“- 
M, temperatuie, 30°, pH 7 4 The reaction was terminated by boding in 
a water bath 

The glucose 1-phosphate and glucose 6-phosphate (Schwarz Labora- 
tories, Inc ) used contained no measuiable amounts of glucose 1,6-diphos- 
phate Glucose 1,6-diphosphate w^as obtained in part fiom the Schwarz 
Laboi atones and in pait through the kindness of Di Lms Leloir Nei- 
ther contained any measurable quantity of the monophosphates 

Preparation of Enzyme — Phosphoglucomutase was isolated in the crystal- 
line foim fiom rabbit muscle (4) It w^as paiticularly fortunate that 
virtually all the enzyme so isolated appeared as phosphoenzyme, as no 
detectable transfer of phosphate occuiied wdien it was allowed to react at 
standard conditions wuth glucose 1,6-diphosphate (2) 

The dephosphoenzyme was prepaied by ti eating the phosphoiylated 
enzyme with 4 to 20 tunes its concentration of glucose 1-phosphate, fol- 
lowed by 24 hours dialysis against tiis(hydio\ 3 miethyl)ammomethane 
(Tns) buffer, 5 X 10“- m, pH 7 4 This treatment w^as lepeated three 
times The enzyme was finally dialyzed foi 48 hours against the same 
buffer At this point it wms fully active, yet %va& incapable of forming 
glucose 1,6-diphosphate in detectable quantities wdien allowed to react 
under standaid conditions vuth glucose 1-phosphate This is indicative 
of the loss of all transfeiable phosphate from the enzyme 

The enzyme wms assayed by activity measurements under standard 
conditions in the presence of glucose 1 , 6 -diphosphate as activator at a 
concentration of 5 X 10"® m (2, 4) The calculated molar concentration 
of the enzyme was based on a molecular weight of 74,000 (7) Glucose 
6 -phosphate w'^as assaj'^ed spectiophotometrically with the glucose- 6 -phos- 
phate dehydrogenase system ( 8 ) Glucose 1 , 6 -diphosphate was measured 
by its coenzymatic activity (9) oi by measuring the glucose 6 -phosphate 
upon hydiolysis in 0 1 n HCL for 10 minutes at 100° Phosphorus was 
measured as the i educed phosphomolybdate (10) at 660 mju in the Beck- 
man spectrophotometer with 1 0 per cent Elon (Eastman Kodak Company; 
as reducer, and total phosphorus deter imnations in enzyme samples were 
made as usual (11) For studies of the rate of the mutase reaction, gu 
cose 1 -phosphate ivas measured by the hydrolyzable phosphate hbeia 
by 1 N H 2 SO 4 in 3 nnnutes at 100° In the quantitative study at equi 1 
iium states of the phosphoglucomutase reaction, glucose 1 -phosp a e 
concentiation was too low to measure accurately 
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inieu eithei of the glucose monophosphates was allowed to leact with 
the phosphoeiwj me, the dephosphoenzj’-me foimed was assumed to be 
equnalent to the glucose 1 ,G-diphosphate foimed The value for the 
phosphoenz} me at equilibrium was then equivalent to the phosphoenz3’^me 
added minus the dephosphoenz3une foimed llTien the leaction was 
started with glucose 1 , G-diphospbate and dephosphoenzyme, the phos- 
phoenz3mie foimed was taken to be equal to the sum of the glucose mono- 
phosphate \alues The dephosphoenz3mie concentration at equilibrium 
was calculated fiom the amount added less the phosphoenz3’^me formed 
No account w as taken of othei possible equilibria involving Mg++ complex 
formation oi non-specific adsoiption of the enz3'’me protein 

Results 

As indicated above, the enz3'me exists m a phosphorylated and a 
non-phosphor3dated form How'evei, ci3’^stallme phosphoglucomutase is 
wholl3'^ of the phosphoi3dated t3^pe ( 2 ) It is possible that the non-phos- 
phor3’'lated form cannot withstand the procedme used m the isolation of 
the enz3mie ( 4 ) oi that it does not ciystalhze imdei those conditions 

The evidence indicates that the phosphoenzyme has 1 mole of phos- 
phorus per mole of piotem Assays of a numbei of preparations of di- 
al3’-zed cr3’’stalhne enz3'-me gave values var3ung betw'een 0 7 and 1 3 moles 
of phosphoms pei mole of enz3’'me In one expeiiment, for example, when 
0 202 /[/mole of thiee times ieci3'^stalhzed phosphoglucomutase was dial3''zed 
for 3 da3's with repeated changes of 0 02 m Tns buffer, pH 7 4 , and assayed 
for total phosphoius, 0 185 //mole of phosphorus was found It was showm 
that all of this phosphorus could be tiansferied by enz3TOatic dephospho- 
rylation In such an experiment the phosphate gioup of the enz3Tne is 
completel3’- transferred to the sugai phosphate to form the diphosphate ( 2 ) 
The transfer of phosphate from the enzyme is most active with glucose 1 - 
phosphate and glucose G-phosphate, but, judging by the activity of phos- 
phoglucomutase wnth the monophosphate esters of mannose, galactose, 
and nbose, it is to be expected that the phosphate from the enz3ane would 
transfer to these esters also to foim the corresponding diphosphate and a 
dephosphorylated mutase, although at a much slower rate ( 12 , 13 ) Glu- 
cose, fructose, galactose, mannose, and nbose do not react with the enzyme 
The quantitative data from w'hich the equilibnum constants Li and Lo 
were denved for the twm steps m the mutase reaction are given m Table I 
In 01 del to obtain maximal accurac3’- in the quantitative determinations 
of the participants m the reaction, it w'as found necessar3'- to use concen- 
trations of the glucose phosphates falhng wnthin the same order of magni- 
tude as those of the enz3me This made it impossible to measure glucose 
1 -phosphate because of the unfavoiable ovei-all equihbnum of the reaction 
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(K = 17 2) It was found practical, therefore, to determine only the 
equihbrium constant of the second step (fe) and derive that of the first 
step (fci) from the over-all K and ki The average value for hi was found 
to be 3 76 

Since K = ki X hi, ki = ((17 2/376)4 58), where K = (glucose 6-phos- 
phate)/(glucose 1-phosphate), ki = ((glucose l,6-diphosphate)(dephos- 
phoenzyme) /(glucose 1-phosphate) (phosphoenzyme)), and k 2 = ((glucose 


Table I 


Equilibrium Values for Step II of Phosphoglucomutase Reaction 


Ex- 1 
pen 
ment 
No 

1 

Glucose 1,6- 
diphosphate 

Dephosphoenzjrme 

Glucose 6 phosphate 

Phosphoenzyme 

h 


nmole 

nmole 

fimple 

nmole 


1 

0 3200 (0 4250) 

0 0060 (0 1060) 

0 1000 

0 1000 

5 25 

2 

0 0720 (0 1225) 

0 0090 (0 0570) 

0 0480 

0 0480 

3 65 

3 

0 1760 (0 2260) 

0 0085 (0 0585) 

0 0980 (0 0480) 

0 0500 

3 28 

4 

0 0064 

0 0064 

0 0130 (0 0200) 

0 0080 (0 0144) 

2 73 

5 

0 0037 

0 0037 

0 0164 (0 0210) 

0 0043 (0 0080) 

5 16 

6 

0 0080 

0 0080 

0 0422 (0 0535) 

0 0040 (0 0120) 

2 64 

7 

0 0180 

0 0180 

0 0730 

0 0200 (0 0380) 

4 60 

8 

0 0490 

0 0490 

0 1420 

0 0510 (0 0100) 

3 00 

Average 

3 76 


The reaction was earned out under standard conditions in 1 ml of the reaction 
mixture as follows histidine, 0 05 m, Mg++, 1 X 10“® m, pH 7 5, temperature, 30°, 
incubation time, 10 minutes In Experiments 7 and 8 the reactants were glucose 
1-phosphate, 0 095 and 0 2 /tmole, respectively, as well as phosphoenzyme The 
values in parentheses represent the initial concentrations of the reactants used 


6-phosphate) (phosphoenzyme) / (glucose 1 , 6-diphosphate) (dephosphoen- 
zyme)) 

The standaid free energy change of the respective steps of the reaction 
was calculated from the following equation (14) 

aF° = -RTlnK 
AF° of Step I = —914 calorie 
AF° of Step II = —800 calorie at 30° 

Total AF° of the over-all leaction based on K of 17 2 (4, 5) is —1714 
calorie Assuming that the AF° values for hydrolysis of the glucosy 
phosphate bond of glucose 1-phosphate and glucose 1 , 6-diphosphate are 
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A^er^ nearly equal, * AP° = -4714 calorie, it follows that AF° for hydrolysis 
of the phosphoglucomutase-phosphate bond is equivalent to —3914 calo- 
rie, i e AF° foi hydrolysis of the mutase — P = AF° for hydrolysis of the 
glucosjd phosphate— AP° Step II or (—4714) — (—800) = —3914 calorie 

DISCUSSION 

It appears that the phosphate bond in the enzyme is of the low energy 
tjfpe and at the h 3 ’^dro\ 3 d phosphate ester level It is unhkely that the 
bond would be of the enol, acyl, or guamdine phosphate type of high energy 
bond unless the protein moiety could so drastically alter the group poten- 
tial of this t 5 '^pe of bond as to bnng it down to a low level A pyrophos- 
phate bond can readdy be excluded because of the presence of only 1 mole 
of phosphate per mole of enzyme 

It IS sigmficant that the enzyme-phosphate bond is of the low energy 
type with a AF° for hydrolysis about nudway between that of the glucosyl 
and the hydroxyl phosphate bonds The standard free energy change of 
the whole system is therefore divided almost equally between the two 
steps of the reaction This sen'^es to lower the activation barner for the 
reverse reaction and render the latter more efficient 

The demonstration of two definite steps m the phosphoglucomutase 
reaction as formulated above places this enzyme system well within the 
realm of ordinary chemical reactions It does not necessitate a special 
type of complex comprising the enzyme and substrates with a template or 
“a lock and key fit” for surface catalysis (15, 16) This type was advanced 
by Michaehs (15) and is currently considered to include a so called active 
enz 3 mie surface with anchoring points for the substrates A Michaehs 
type complex is not needed to explain a state of substrate saturation as 
far as the mutase reaction is concerned Such a state is obtamed when one 
of the two steps becomes rate-limiting This does not imply that a transi- 
tion state complex such as that ordmanly assumed m organic chemical 
reactions may not occur In this instance the mutase would have two such 
transition complexes instead of one Michaehs complex 

SUMMARY 

The equihbria for the two steps in the phosphoglucomutase reaction 
have been determmed While the value for over-aU K of the reaction is 

* A basis for this assumption exists in that close agreement has been shown for 
the standard free energy of hydrolysis of the phosphate bond on the 6 position of 
fructose in both the fructose mono- and diphosphates, determined with purified 
alkaline phosphatase (3) 

■Kmonophosphato = ((fructosc) (phosphate)/(fructose 6-phosphate) (HjO)) 

-S^diphoBphate = ((fructose l-phosphate)(phosphate)/(fructosel,6-diphosphate)(H20)) 
monophosphate “ — 3370 calorie, AF diphosphato ” 3675 calorie 
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17 2, the equilibiium constants for the two steps are ki = 4 58 and 1.2 = 
3 76 The standard free eneigy changes are, respectively, —914 calorie 
for Step I and —800 calorie for Step II The free energy for hydrolysis 
of the enzyme-phosphate bond is —3914 calorie 
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PURINE CATABOLISiM IN MOLYBDENUM DEFICIENCY* 
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(Fiom (he Dcparlmcnl of Bwchcmistry, Slate University of New York, 
Medical College at Syracuse, Syracuse, New York) 

(Received for publication, February 13, 1957) 

A low protein diet (U 2) lemoved about three-fourths of the xanthine 
o'adase from the entire rat (3), while a purified diet contaimng tungstate 
reduced the tissue xanthine oxidase to a level at which it could not be 
detected manometrically (4) , neither of these dietary procedures had any 
effect on the uric acid or allantoin excretion by this species Chicks fed a 
tungstate-containing diet excreted a mixture of xanthine, h 3 rpoxantlnne, 
and uric acid in i espouse to the marked depletion of tissue xanthme dehy- 
drogenase and molybdenum (4) Either (a) small amounts of xanthme 
oxidase persisted in the tissues of tungstate-fed rats but escaped detection 
by the manometric procedure, oi (b) uric acid was formed m rats by a 
pathway which was not molybdenum-dependent, e ^ by the oxidation of 
mosmic acid to xanthyhc acid (5) and further oxidation to uric acid ribo- 
tide Such a possibihty was explored previously with rat hvers m which 
the xanthme oxidase had been removed by feedmg a low protein diet, but 
no alternative pathway which bypassed the Mo-contaimng xanthine oxi- 
dase could be found (6) 

In the previous study (6) an alternative system might have escaped 
detection if it were also removed from the hver by a protem deficiency 
This problem has therefore been reinvestigated with hvers from which the 
xanthine oxidase was lemoved by timgstate feedmg Although no xan- 
thine oxidase activity could be detected manometrically m the deficient 
hvers, enough of the enzyme was retained to account for the formation of 
the normal daily output of uric acid and allantoin by the deficient rats 
From a study of net oxygen consumption as well as uric acid and allantom 
production from various nucleoside and nucleotide substrates, there were 
no indications that xanthine oxidase was bypassed in the formation of uric 
acid by the rat 

* This study was aided by grants from the National Institute of Arthritis and Met- 
abolic Diseases of the National Institutes of Health, Public Health Service (PHS 
A-586), and the American Cancer Society upon recommendation of the Committee 
on Growth of the National Research Council 
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PUEINE CATABOLISM 


EXPERIMENTAL 

Methods 

Weanling or adult male albmo rats were depleted of xantbone oxidase by 
feedmg a purified casern diet (7) containmg 72 mg of NajWOi per kilo 
for 2 weeks or longer Control rats received the same diet except that it 
also contained 50 mg of Na 2 Mo 04 2 H 2 O per kilo 
Liver xauthme oxidase activity was measured manometrically m the 
presence of methylene blue (8) with xanthme or hypoxanthme as substrate 
For oxidation measurements of the other substrates, the mam body of the 
Warburg vessels contained 1 55 ml of a 1 5 5 hver homogenate (whole or 
dialyzed for 18 hours against 10~^ m cysteine m 0 04 m phosphate buffer, 
pH 7 4), 0 15 ml of 0 05 m DPN^ or water, and 0 15 ml of water or other 
agents as specified The side arm contained 0 15 ml of 0 05 m substrate 
In some experiments the DPN and substrate were both contained in the 
side arm and tipped m together The center well contamed 0 2 ml of 10 
per cent KOH After 40 nunutes of incubation the contents of the side 
arm were mixed with those of the flask, and manometric readmgs were 
made every 20 minutes for 80 nunutes Aliquots were then deproteinized 
ivith a final concentration of 5 per cent trichloroacetic acid for measure- 
ments of uric acid (9, 10) and allantoin (11) Combmed uric acid, such as 
the riboside, had to be hydrolyzed in order to obtam the Fohn color, for 
this purpose HCl was added to ahquots of the trichloioacetic acid filtrate 
to give a concentration of 3 3 N, and the solutions were heated m a boiling 
water bath for 1 hour 


Results 

The various substrates were oxidized by control hver homogenates from 
rats receivmg both tungstate and molybdate m the diet at the following 
rates xanthme,^ 26, xanthosine, 48, hypoxanthme, 32, mosme, 48, IMP, 
48, guamne, 31, guanosme, 52, GMP, 41, adenosme, 42, and AJVIP, 42 
c mm of O 2 per 20 nunutes With xanthme oxidase -deficient fivers from 
tungstate-fed rats, the homogenates did not oxidize any of the substrates 
The addition of purified nulk xanthine oxidase (12) to these deficient liver 

1 The following abbreviations are used DPN, diphosphopyridine nucleotide, 
Mo, molybdenum, W, tungsten, IMP, inosine 5-phosphate, GMP, guanosme 5 p os 
phate, AMP, adenosine 5-phosphate, pteridylaldehyde, 2-amino-4-hydroxy-6-pten 
dinecarboxaldehyde 

* The xanthine, hypoxanthme, and guanine were obtained from the Schwarz a 
ratones, Inc , guanosme, adenosine, and GMP from the Pabst 
and xanthosine from the California Foundation for Biochemical Research, IW 
DPN from the Sigma Chemical Company, AMP from the Nutritional Bioc 
Corporation, and pteridylaldehyde from the Lederle Laboratories Division, ma 
can Cyanamid Company 
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homogenates lestoied (he oxidizing capacities to control levels These 
results noie essentially the same as those found with rats fed a protem- 
dcficient diet (G) and showed that all of the substrates yielded hypoxan- 
thine 01 xanthine in the couise of then degiadatioii and that the oxygen 
consumed nas due to the action of xanthine oxidase on these two substrates 

Since DPN could paiticipatc in a possible alternative nucleotide or 
nucleoside oxidase system, such as the inosimc acid dehydrogenase of rabbit 
bone marrow (5), and because of the instability of DPN in homogenates 
(13), the rat Inei homogenates in anothei series of experiments weie forti- 
fied uith DPN Endogenous substrates were first removed by dialysis 
jNIethjdene blue was also added as an additional electron cariiei to oxygen 
The lesults with contiol liveis from rats fed W-Mo were essentially the 
same as those uheii DPN was omitted xanthine, 33, xanthosme, 46, 
h5"poxanthine, 41, inosme, 49, IMP, 49, guanine, 35, guanosine, 55, GMP, 
48, adenosine, 50, and AltIP, 55 c mm of O2 pei 20 minutes Again, none 
of the substrates was peiceptibly oxidized under these conditions by defi- 
cient filers fiom W-fed lats, no evidence could be obtained that xanthine 
oxidase was being bypassed through a direct oxidation of the nucleotides 
or nucleosides 

Small amounts of xanthine oxidase were present in Mo-deficient rat 
tissues, but escaped detection by the manometiic procedure The presence 
of the enz3'-me was established by measuiing the allantoin produced by the 
crude homogenates Allantoin was determined after incubating the ho- 
mogenates with or without substiates as pieviously described The follow- 
ing homogenates of deficient fivers from W-fed rats were used (o) whole 
homogenate with substrate tipped in at 40 minutes, (5) substrate and DPN 
tipped in together, (c) whole homogenate containing an amount of purified 
milk xanthine oxidase wluch assayed 44 c mm of O2 per 20 nunutes with 
hypoxanthine, and (d) dialyzed homogenate Both whole and dialyzed 
liver homogenates fiom control rats fed the W-Mo diet were also studied 
By manometne assay the deficient livers showed no xanthine oxidase 
activity, while the contiol liver without dialysis had an activity of 15 c mm 
of O2 per 20 minutes, and another hver after dialysis had an activity of 24 

As shown m Table I, the undialyzed and dialyzed deficient homogenates 
without added substrate contained 20 r and 4 y of allantoin per vessel, 
respectively, before incubation (zero time blank) After incubatmg for 
120 minutes, each vessel contained 190 y The addition of 38 y of 6- 
ptendylaldehyde, a xanthine oxidase inhibitor (14), allowed the formation 
of only 45 y of allantoin More hypoxanthine and xanthine were foimed 
m the homogenate (presumably fiom nucleic acids) during the incubation 
period than could be oxidized by the small amount of xanthine oxidase 
present because (1) added uric acid formed about 1000 y of allantom, and 
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(2) the addition of milk xanthine oxidase increased the allantom formation 
to 536 7 Since this occuired in the blank Warburg vessel as well as in 
the one contaimng added substrate, no difference in oxygen consumption 
between the two flasks could be observed, hence, no xanthine oxidase 
activity could be observed manometrically, and small amounts of xanthine 
oxidase escaped detection by this procedure 


Table I 

Allantom Formation in Rat Liver Homogenates 


y allantom formed per 283 mg fresh liver per 120 nun 


Substrate 

Deficient liver homogenate 

Control liver 
homogenate 

1 

Whole 

UTiole + 
DPN 

Whole + milk 
xanthine 
oxidase 

Dialj zed 

Whole 

Dialyzed 

None (zero time blank) 

20 


40 

4 

48 

18 

tt 

190 

■il 

536 

190 

404 

371 

Pteridylaldehyde (38 7) 



263 

45 

53 

33 

Xanthine* 

120 

137 

1590 

140 

786 

1100 

“ + ptendylalde- 







hyde 



570 

45 

53 

66 

AMP 

no 

130 

1690 


828 

1340 

GMP 

170 

148 

1190 


870 

1090 

IMP 

120 

133 

704 


1012 

985 

Xanthosine 

130 

152 

1540 


1355 


Inosine 

120 

1 107 

1800 


870 

1120 

Adenosine 

100 

, 111 

1190 


603 

1075 

Guanosine 

170 

1 163 



1072 

1490 

Unc acid nboside 

850 






Allantom 

1480 

1366 

1790 


1072 

1240 

Unc acid 

1000 


1620 



1090 


* 0 15 ml of 0 04 M xanthine, uric acid, or uric acid riboside and 0 16 ml of 0 05 M 
solutions of the other substrates were used 


The small amount of xanthine oxidase present m the tissues of Mo- 
deficient rats was adequate for the production of the amount of uric aci 
and allantom normally excreted by the rat The formation of 0 19 mg 
of allantom m 2 hours by 0 28 gm of hver was sufficient to account or 
the excretion of 12 to 15 mg of allantom per 100 gm rat per 24 hours 
None of the substrates tested produced more allantom than was forme 
from the deficient homogenate itself, unless xanthine oxidase was a so 
added (Table I) Since HCl hydrolysis of the trichloroacetic acid 
produced no additional uric acid, and since uric acid nboside, prepa 
from beef blood (15), was converted by the homogenates to allantom 
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shown 111 Tabic I, thcie was no evidence for the formation of uric acid 
iibotide or iiboside fioni the nucleotide or nucleoside substrates 

DPN Caiaholtsin hy Rat Liver 

Enzj’^mes wluch cleave DPN form adenylic acid (13, 16), and the latter 
is readily converted to hj^poxanthme by a hver homogenate (6) The 
addition of DPN alone to a rat hver homogenate increased the oxygen 
uptake and allantoin production (Table I) more m those hvers contaming 
xanthine oxidase than m those deficient m this enz5Tne To test the pos- 
sibihty that a large portion of the increased oxygen consumption from 
added DPN was due to the oxidation of the derived hypoxanthine, DPN 
oxidation was measured manometrically m a Mo-deficient rat hver homoge- 
nate fortified with milk xanthine oxidase, 0 15 ml of 0 05 M DPN was 
tipped m from the side arm Table II shows the effect of xanthme oxidase 


Table II 

Effect of Milk Xanthine Oxidase on Oxidation of DPN 
in Mo-Deficient Rat Liver Homogenate 


1 

C mm Ot per hr 

Dialyzed homogenate alone 

40 

(( (< 

4- xanthme oxidase 

66 

(( (( 

+ DPN 

78 

« Ct 

-f- “ -f xanthine oxidase 

265 

tt tt 

-f- hypoxanthine -|- xanthine oxidase 

270 


on the oxygen uptake m the presence of added DPN With xanthme oxi- 
dase present, the net oxygen consumption with DPN as substrate was 
close to that found with hypoxanthine, DPN was therefore converted to 
hypoxanthme by the hver homogenate as rapidly or more rapidly than the 
latter could be oxidized (3 5 mg or more of DPN were decomposed per 
hour by 283 mg of fresh homogenized hver ) When 5 mg of DPN were 
incubated with a dialyzed control rat hver homogenate for 140 minutes, 
1535 7 of allantoin were formed, while a similar control flask without added 
DPN yielded 426 7 (a net production of 1109 7 of allantom from the DPN, 
theoretical = 1185 7) The presence of 15 mg of mcotmamide (6 X 10~^ 
M solution as suggested by Zatman et al (17)) reduced the net allantom 
formed to 808 7, this confirmed some stabilizing effect of the mcotmamide 
on DPN m the crude hver homogenate 

Pigeon Liver Homogenates 

Pigeon hver was tested for its ability to oxidize purme ribosides or ribo- 
tides because it does not contam any xanthme oxidase, any oxygen con- 
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sumption from added nucleotides or nucleosides must be due to the oxida- 
tion of the combined purine or due to the metabohsm of the ribose portion 

In the absence of added DPN, the dialyzed homogenates of normal 
pigeon bvei oxidized the nucleoside substrates only shghtly (1 to 3 c nun 
of O2 pel 20 mmutes) and did not oxidize the free purines or the nucleo- 
tides With 5 mg of DPN added (ivith or without methylene blue), the 
nucleosides gave a netmcrease m the rate of oxygen consumption (guanosine 
26, xanthosme 17, adenosme 18, and inosine 32 c mm of O2 per 20 imnutes), 
but yielded a net total consumption of only 50 to 70 c mm of O2 The 
late of oxygen consumption with the nucleotide substiates was much less, 
even m the presence of 0 001 m MgS04 Free puimes gave no measurable 
increase m oxygen uptake 

If this amount of oxygen were used for oxidizing the purine component 
to uric acid, from 700 to 1000 7 of uric acid should have been produced 
from guanosine and xanthosme or haK this amount from adenosme and 
mosme Actually the hydrolyzed trichloroacetic acid filtrates contamed 
only small amounts of material which 1 educed the uric acid reagent, this 
was eqmvalent to no more than 25 y of uric acid, and this amount was 
foimd also m the blank homogenates without added substrate When an 
equivalent amount of uric acid riboside was incubated with the homogenate, 
about half of it was spht to free uric acid, and the remamder was released 
upon acid hydrolysis Therefore the purine derivatives were not oxidized 
to uric acid riboside by pigeon hver homogenates 

The mcreased oxygen consumption observed with the ribosides probably 
resulted from the release and metabohsm of the iibose portion of the mole- 
cule Free ribose was not oxidized, but the substitution of an eqmvalent 
amount of ribose 5-phosphate for the nucleosides produced a total net 
oxygen consumption of 72 c mm This imphes the formation of a phos- 
phorylated ribose lather than a free ribose m the degradation of these 
purine iibosides by pigeon hver The simultaneous formation of free 
purines was confirmed by the addition of purified nulk xanthine oxidase 
to the pigeon liver homogenate and measurement of the amount of unc 
acid formed (Table III) In general, uric acid formation tended to parallel 
the oxygen consumption, this would be expected if the iibose were oxidize 
after being released from the purine 

Much more uric acid was formed fiom the nucleosides than from t e 
nucleotides, hence, there was a greater stabihty of the nucleotides m pigeon 
hvers Such was not the case with rat hver (Table I) This difference 
was due to a lower 5'-nucleotide phosphatase activity m pigeon liver as 
compared with that m rat hver The conditions for the phosphat^e 
assays were the same as those used for the measurement of allantom a 
uric acid formation (1 7 ml of 1 6 homogenate, pH 7, 4, 0 15 ml of 
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subsliato, 2 ml \olume, mcubated at 38° m air foi 60 minutes) When 
(he substiatc was disodium phen3d phosphate, phenol liberation was meas- 
ured bj" (he method of King and Aimstiong (18) Nucleotide phosphatase 
actnitj' Mas measuicd bj’’ dclcimmmg the increased inorganic phosphate 
in a 5 pel cent tnchloioacctic acid filtiate of the homogenate after incuba- 
tion Midi nucleotides (19) The liver homogenates were dialyzed against 
Mater foi IS hoins and then buffered to pH 7 4 Muth 0 04 m tris(hydroxy- 
niethy])aniinomethanc, hlgSO^ M'as added to give a 0 001 m concentiation 
Under these conditions there M^as essentially no difference in the phos- 

Table III 


Formalwn of Uric Acid from Various Substrates by Pigeon Liver 
Homogcnalcs Fortified with Milk Xanthine Oxidase 


Substrate (0 OS ii) | 

•y uric acid formed per 283 gm fresh 
liver per 100 mm • 

Whole homogenate 

Dialyzed homogenate 

Xanthine (0 037 m) 

752 

604 

Hi poxanthine 

717 

802 

Guamnef 

500 


DPN 

25 


Xanthosine 

355 

123 

Inosine 

627 

485 

Adenosine 

537 

1 262 

Guanosine 

757 

793 

AJSIP 

201 

92 

GMP 

98 

36 

Inosinic acid 

138 

39 

No substrate 

140 

1 57 


* Total unc acid nunus uric acid formed without added substrate 
t Added as a suspension 


phatase activities of rat and pigeon hvers M'hen phenyl phosphate was 
Used as the substrate (whole rat liver homogenate, 17 7 , dialyzed homoge- 
nate, 23, whole pigeon hver, 23, and dialyzed, 16 7 pmoles of phenol per 
hour per gm of fresh hver) However, the late of phosphate release from 
the nucleotides M'^as appreciably lower in dialyzed pigeon hver than that in 
rat hver The phosphate leleased (micromoles per hour per gm of fresh 
hver) by pigeon and rat hvers, respectively, was as follows from AMP, 
6 4 and 15 5, from GMP, 2 6 and 9 9, and from IMP, 2 8 and 9 9 
These results are compatible with the interpretation that the oxygen 
which IS consumed in the metabolism of nucleosides and nucleotides by 
pigeon hver homogenates is used in the metabolism of the nbose portion 
of the molecules The nucleotides are more stable in pigeon hver homoge- 
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nates than the nucleosides and are more stable in pigeon hver than in rat 
hver homogenates The relatively poor 5'-nucleotide phosphatase activity 
m pigeon hver undoubtedly contributes to the usefulness of this tissue for 
the study of nucleotide synthesis 

SUMMARY 

Homogenates of hvers from rats depleted of Mo and xanthine oxidase 
by tungstate feeding did not show an mci eased oxygen uptake with free 
purines or then nucleosides or nucleotides as substrates The addition of 
diphosphopyridine nucleotide (DPN) and methylene blue did not restore 
any of these oxidizing capacities, but milk xanthine oxidase did Small 
amounts of xanthine oxidase were present in such hvers, but escaped de- 
tection by the manometric procedure because endogenous substrates were 
bemg oxidized maximally in the blank vessel, and additional substrate 
could not increase this rate The presence of xanthine oxidase was demon- 
strated by measuring aUantom formation from the various substrates, 
and enough xanthine oxidase was found to account for the formation of the 
uric acid and allantoin normally excreted by the rat No evidence could be 
obtained that uric acid was formed m rat hver by any mechanism other 
than xanthme oxidase 

Normal pigeon hver is devoid of xanthine oxidase, but gave significant 
oxygen uptake with the purine nucleosides when DPN was also added 
However, no uric acid was foimed, and the increased oxygen consumption 
could be attributed to a metabolism of the ribose moiety Nucleotides 
were more stable than nucleosides m pigeon than in rat hver homogenates, 
this difference was due to a lower 5'-nucleotide phosphatase activity m 
pigeon hver 

Much of the additional oxygen uptake resulting from the addition of 
DPN to a rat hver homogenate could be attributed to the oxidation of its 
purme component 
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ACETALDEHYDE OXIDATION IN MOLYBDENUM 
DEFICIENCY* 


Bi DAN A RICHEET and W W WESTERFELD 

{From the Department of Biochemistry, State University of New York, 
Medical College at Syracuse, Syracuse, New York.) 

(Received for publication, February 13, 1957) 

Xanthine oxidase (1) and livei aldehyde oxidase (2) are molybdenum- 
contaimng enzjTOes, and both are capable of oxidizing aldehydes Another 
aldehj’-de-oxidizing enzyme utilizing diphosphopyridme nucleotide (DPN) 
as a cofactoi has been paitially purified from liver (3), and the oxidation of 
acetaldehj'^de by ciude hvei extracts requires DPN (4) This study was 
designed to see whethei the DPN enzyme was also Mo-dependent and 
which of these systems was primarily lesponsible for acetaldehyde oxida- 
tion m dialyzed liver homogenates Rats were fed a diet contaimng tung- 
state in Older to deplete the tissues of Mo-containing enzymes (5) The 
rate of acetaldeh}'’de oxidation in liver homogenates was measured in the 
presence and absence of DPN It was found that, while the capacity to 
oxidize acetaldehyde m the absence of DPN was virtually eliminated by 
the molybdenum deficiency, the oxidation of acetaldehyde in the presence 
of DPN was not affected Feeding a protein-free diet caused the virtual 
elimination of all the aldehyde-oxidizing enzymes studied 

EXPBKIMENTAL 

Methods 

3 to 6 week-old weanling albma rats were fed the following diets for at 
least 2 weeks (1) Purina dog chow, (2) a purified 24 per cent Labco casein 
diet (6), (3) the purified diet containing 72 mg of Na2W04 per kilo, (4) the 
purified diet containing 72 mg of Na2W04 and 50 mg of Na2Mo04 2H2O 
per kilo, and (5) a protein-free diet (6) In pievious studies the purified 
tungstate-contaimng diet removed most of the xanthine oxidase and molyb- 
denum from the hver (5) A protein-free diet also depleted the liver of 
xanthine oxidase and molybdenum (7) and produced some loss of a large 
variety of hver enzymes (8) In the present experiments, the xanthine 
oxidase level was used as an index of the effectiveness of the various diets 
in producing these changes 

* This study was aided by a grant from the National Institute of Arthritis and 
Metabolic Diseases of the National Institutes of Health, Public Health Service 
(PHS A-586) 


533 



534 


ACETALDEHYDE OXIDATION 


Concentrated liver homogenates (1 3) were dialyzed for 18 hours against 
water and then diluted with water and phosphate buffer, pH 7 4, to give a 
final 1 6 dilution of the liver in 0 04 m phosphate Xanthme oxidase 
activities were measured manometrically in the presence of methylene 
blue (9) Acetaldehyde oxidation was measured by the anaerobic meth- 
ylene blue decoloiization time (10) as follows 1 ml of the dialyzed 1 6 
homogenate and sufficient 0 04 m phosphate buffer, pH 7 4, to give a final 
total volume of 2 5 ml were measured into each of four Thunberg tubes, 
all side arms contained 0 1 ml of 0 0113 m (1 13 jumoles) of methylene blue 
The side arm of Tube 1 also contained 0 1 ml (1 mg ) of DPN and 0 1 
ml of 1 M acetaldehyde Tube 2 contained DPN without aldehyde and 
served as a blank, the difference in decolorization time between Tubes 1 
and 2 was a measure of the combined activities of all the acetaldehyde- 
dehydrogenating enzymes (DPN-hnked aldehyde dehydrogenase, aldehyde 
oxidase, and xanthine oxidase) The DPN was ormtted from Tubes 3 
and 4, acetaldehyde was added to the side arm of Tube 3, while Tube 4 
served as a blank With this pair was measured the action of the aldehyde 
dehydrogenases which were independent of DPN (aldehyde oxidase and 
xanthine oxidase) 

All tubes were evacuated and flushed with mtiogen several times, after 
warming at 38° for 3 minutes, the contents were mixed, and the decoloriza- 
tion times were measured The imcromoles of methylene blue decolorized 
per nnnute were calculated for each tube, and the amount specifically 
decolorized by the DPN-lmked enzyme was obtained by subtractmg the 
values found in Tubes 2 and 3 from those in Tube 1 The decolorization 
time m Tube 4 was always greatei than 60 minutes and was neghgible 
A hnear relationship between the amount of normal dialyzed hver (0 to 1 
ml ) and the micromoles of methylene blue decolorized by acetaldehyde 
and DPN was found The slope of this line, which passed through the 
origin, was eqmvalent to the reduction of 0 68 /xmole of methylene blue 
per minute by 1 ml of the 1 * 6 homogenate 


Results 

The DPN-hnked aldehyde dehydrogenase was responsible for most of 
the activity of the dialyzed hver homogenate m the reduction of methylene 
blue (Table I) In normal hvers the DPN-hnked enzyme was responsible 
for the reduction of about 0 5 pmole of methylene blue per minute, and t^s 
activity was not Mo-dependent, it remained relatively constant as t e 
xanthine oxidase and other Mo enzymes were removed by tungstate lee 
mg The aldehyde enzymes not reqmring DPN normally reduced a ou 
0 1 Mmole of methylene blue per minute This latter activity was o 
dependent, since it tended to parallel the xanthme oxidase and to disappear 
with it as a result of tungstate feedmg The protem-free diet remove 
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about 90 per cent of the DPN-hnked and all of the Mo-dependent alde- 
hj’-de-OMdizing sj’^stems from the hver preparation In previous expeii- 
ments (7) it was found that rats which were fed a protem-free diet metabo- 


Table I 


Aldehyde Dehydrogenase Achviiies in Control and Mo-Deficieni Rat Livers 





Additions to homogenate -h 
methylene blue 


(imole methylene blue 
reduced per mm 












8 

§ 

M 

Cl 

& 

P 

Diet 

No of rats 

Tube 

No 


Decolonza- 
tion time 

1 

Due to DPN 
linked 

enzyme (Tube 
1 — Tubes 2 
+ 3) 

Xanthine 

oxidase 







mtn 



c mm Ot 
per 20 mtn 

1 

Dog chow 

13 

1 

Aldehyde 

+ 

1 65 

0 68 

0 42 

25 





DPN 









2 

DPN 


6 91 

ii 






3 

Aldehyde 


11 58 

It 






4 



>60 




2 

24% pun- 

5 

1 

Aldehyde 

+ 

1 58 

0 72 

0 53 

11 


fied ca- 



DPN 







sein 

i 

2 

DPN 


10 26 

0 11 






3 

Aldehyde 


14 50 

0 08 






4 



>60 




3 

Purified ca- 

8 

1 

Aldehyde 

+ 

1 87 

0 60 

0 56 

0* 


sein + W 



DPN 









2 

DPN 


32 20 

0 04 






3 

Aldehyde 


>60 







4 



>60 




4 

Purified ca- 

5 

1 

Aldehyde 

+ 

1 60 

0 71 

0 44 

13 


sein -i- W 



DPN 







-f Mo 


2 

DPN 


6 06 







3 

Aldehyde 


13 80 

IE 






4 



>60 




5 

Protein- 

12 

1 

Aldehyde 

+ 

16 0 


0 05 

4 


free 



DPN 









2 

DPN 


45 0 

■IMW 






3 

Aldehyde 


>60 







4 



>60 





* The livers with zero xanthine oxidase activity, measured manometrically, con- 
tained a small amount of the enzyme when it was measured by its ability to form 
allantoin (11) 


hzed admimstered acetaldehyde at a somewhat slower rate than normal, 
but, hke other such comparisons of uric acid formation (5) or the reduction 
of orgamc mtro groups (12), the effect in vivo was much less impressive than 
that in intro 
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The rate of reduction of methylene blue when only DPN was added to 
the dialyzed homogenate was markedly decreased when the hvers were 
obtained from rats fed tungstate or a protein-free diet (Experiments 3 and 
5, Table I) It is believed that, under the experimental conditions used, 
this reduction of methylene blue by the addition of only DPN resulted 
fiom the action of xanthine oxidase on the hypoxanthine produced by the 
breakdown of DPN (11) The reasons for this behef are as follows (a) 
such a breakdown has been indicated (11), (h) the dialyzed homogenates 
should be lelatively free of endogenous substrates which could act as elec- 
tron donors to DPN and methylene blue, (c) the dye reduction was slow 
in those hvers which were very low in xanthine oxidase, and (d) the rate of 
reduction of cytochrome c by DPNH with an ultracentrifuged supernatant 
fraction of the dialyzed homogenate was not affected by the molybdenum 
deficiency mduced by tungstate feeding 

SUMMARY 

The diphosphopyridme nucleotide-hnked acetaldehyde-oxidizmg enzyme 
of rat hvei was found to be independent of dietary molybdenum The 
aldehyde-oxidizmg activity of a dialyzed livei homogenate without added 
diphosphopyridme nucleotide constituted only 15 to 20 per cent of the 
total activity and was Mo-dependent Feeding a protein-free diet caused 
the elimmation of 90 per cent of the former and all of the latter activities 
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The classical scheme of Embden-Meyerhof has been generally accepted 
as describing the pathway for glucose metabolism in animals, although 
recent observations have challenged this tenet A number of zn vztro stud- 
ies based on the diffeieiitial conversion of specifically labeled glucose to 
CO 2 have indicated the existence of a pathway in addition to the Embden- 
Meyerhof pathway for glucose metabolism m several animal tissues Evi- 
dence for an alteinate pathway has been obtained with rat liver (1-7) and 
mammary gland (8, 9), mouse liver (6), and rabbit spleen, testis, and bone 
marrow (10) Estimates made by various investigators have indicated 
that m hver shces almost 0 to as much as 50 per cent* of the glucose may 
be metabolized by an alternate pathway (3, 4, 6, 7) In rat mammary 
gland slices, it was estimated that approximately 60 per cent of the glucose 
was metabolized along an alternate pathway (8) 

In vitro studies with lat muscle (1, 2) and with rabbit brain (10) have 
mdicated that the Embden-lMeyerhof pathway accounts for essentially all 
of the glucose metabolized m these tissues A similar conclusion has been 
reached m studies with intact rats (1, 12, 13) The discrepancy between 
results obtamed with the intact rat and rat tissues either indicated an 
artifact under zn vitro conditions or showed that in the intact ammal httle 
glucose IS metabolized in those tissues which have an alternate pathway 
for glucose metabolism (1) 

Recently Bloom et at (14) detected the pentose cycle m intact non-lac- 
tatmg rats, based on labehng patterns m glucose after administering spe- 
cifically labeled ribose and glucose, however, they made no estimate of 
the quantitative sigmficance of the pathway 

* This investigation was supported in part by grants from the United States 
Atomic Energy Commission and the National Science Foundation 

t Present address, Hoffmann-La Roche and Company, Basel, Switzerland 
t Postdoctoral Fellow of the Public Health Service 

> See the review by Wood (11) in which he discusses the calculations made by van- 
ous investigators and the uncertainties in their assumptions which account, in part, 
for the variation between results 
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Earlier studies witli the intact cow demonstrated that glucose was rap- 
idly metabolized, and withm 35 hours essentially aU of an mjected dose 
appeared m the respiratory CO 2 (40 per cent) and milk constituents (56 
per cent) (15) The nature of the pathways involved m glucose catabolism 
was not apparent m these studies smce the mjected material was uniformly 
labeled 

The present paper reports the results of trials m which two lactatmg 
cows were injected mtravenously with glucose-6-C“ and then, after several 
weeks, with glucose-1 The transfer of from glucose to CO 2 , to 
glycerol of milk fat, and to alamne and serme of casein could not be ex- 
plamed by exclusive operation of the Embden-Meyerhof pathway Esti- 
mates based on recovery in CO 2 and various imlk constituents, m each 
case, indicated that the pentose cycle or a similar pathway played a sig- 
nificant role in glucose catabohsm of the mtact lactatmg cow 


Table I 

Data on Experiments with Cows Injected Intravenously 
with Glucose-1 and Glucose-6-C^* 


Trial No 

Cow No 

Body 

weight 

Compound mjected 

Milk yield 

Stage of 
lactation 





me 

ki per day 

vks 

III 

965 

594 

G-6-C“ 

2 02 

10 

22 

IV 

965 

611 

G-l-C» 

1 80 

9 

27 

V 

84 

423 

G-6-C“ 

1 96 

12 

7 

VI 

84 

425 

G-1-Ci< 

1 78 

10 

10 


EXPERIMENTAL 

Cows — Table I summarizes the characteristics of the two lactatmg Jersey 
cows used m these studies Each cow served as its own control by being 
mjected first with glucose-G-C^* (G-6-C^^) and, after 5 weeks (Cow 965) or 
3 weeks (Cow 84), with G-l-C^^ In all trials 75 to 98 per cent of the C‘^ 
was accounted for in the respired CO 2 and rmlk constituents durmg the 
first 34 hours of the trial Within a few days after G-6-C*^ was mjected, 
the C^^ level m milk was too low to be detected by our countmg eqmpment 
and it can be assumed that the amount of C^^ remaimng m the cows at 
the tune of the second experiments, with G-l-C^^, was neghgible 

Isotope — ^The C^^-labeled D-glucose was obtamed from the National Bu- 
reau of Standards ^ The sugars were radiocheimcally pure, as shown J 
autoradiograms of samples chromatographed with butanol-acetic aw 

2 The authors wish to express their appreciation to Dr H S Isbell, 

Bureau of Standards, for his valuable cooperation m preparing milhourie qua 
of G-l-C^^ and G-6-C‘< for use in these studies 
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H 2 O (4 4 1) and pheno]-H20 (10 4) The amount of C^^-glucose mjected 
into each cow is shown in Table I 

Samples — Respired CO 2 was collected continuously durmg the first 3 
hours of each tiial and then at mteivals imtil 34 hours The methods 
used for the collection and assay of CO 2 have been described (16) 
hlilk was collected peiiodically durmg the first 34 hours after isotope m- 
jection and was fractionated mto its major orgamc constituents Casern 
was precipitated from the skim milk by adjustmg the pH to 4 6 with 1 n 
HCl The casern was filtered, washed with water, and then redissolved 
m 1 N NH4OH This procedure was repeated and the casern, after the 
third precipitation, was washed thoroughly with water, followed by alcohol 
and ether 5 gm of dried casern were hydrolyzed, and the alamne, serine, 
and glutarmc acid were recovered separately from ion exchange columns 
and prepared m crystallme form by methods already described (17) 
Glycerol was recovered from the aqueous phase that separated upon 
acidifymg milk fat hydrolysates It was purified by preparmg the tri- 
benzoate denvative accordmg to the method described by Mulhken (18) 
Other methods used m this mvestigation have already been described, 
mcludmg those for combustion of samples and radioassay of the resultmg 
CO 2 (17) Sakami’s method was used for the stepwise degradation of 
serme (19) 


Results 

Fig 1 shows the specific activity m the expired CO 2 as a function of 
time after mjectmg cows mtravenously with G-l-C*^, G-6-C^^, and um- 
formly labeled glucose (G-U-C^^) After each trial with G-6-C^^, the spe- 
cific activity of expired CO 2 mcreased much more slowly and its maximum 
was only one-half that of the trials m which G-l-C^^ was mjected, further- 
more, the mfl.vimiiTn for G-6-C*^ occurred later (1 to 1 5 hours) than that 
for G-l-C^* (0 5 to 0 8 hours) These results demonstrate that C-1 of 
glucose was oxidized more rapidly than C-6 and indicate that these 2 car- 
bon atoms, in part, followed different metabohc pathways 
The results obtained with G-U-C^^ have been mcluded for comparison 
(15) In general the rate of appearance of m CO 2 for G-U-C'^ was 
mtermediate between the results obtamed with G-l-C^^ and G-6-C*^ 

The specific activities of serme and alamne from casern and of glycerol 
from milk fat are hsted m Table II for different times after mjection of 
G-l-C^^ and G-6-C^^ For each compound the specific activity was greater, 
m some samples by as much as two times, after G-6-C^^ than it was after 
G-l-C^* Thus, the data from milk products, hke those of expired CO 2 , 
mdicate that C-1 and C-6 of glucose do not follow a common metabohc 
pathway and that there is some meehamsm m addition to the Embden- 
Meyerhof pathway for glucose metabolism m the cow 
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The mean specific activity in alanine (during 34 hours) was 50 per cent 
greater after G-G-C^'^ than it was after G-l-C^^ for both cows (see Table V) 



Fig 1 Standardized activity of respired CO 2 from cows injected with glucose-C“ 
The lines have been sketched in to show the trend of the experimentally determined 
values which are represented by the characters on Fig 1 O , glucose-l-C^* (Trial 
rV), ®, glucose-l-Ci^ (Trial VI), A, glucose-U-C*^ (Trial I), A, glucose-U-C‘* 
(Tnal II), X, glucose-G-C^^ (Trial III), ■, glucose-6-C'^ (Trial V) 


Table II 


Specific Activities of Milk Constituents* after Injecting G-l-C^* and G 6-C^* 


1 


Glycerol 



Serine 



Alanine 


After 

injection 


Ratio, 


Ratio, 


Ratio, 

6 1 


G 1 

G 6 C>‘ 

6 1 

G 1-Cw 

1 

G 6 C» 

6 1 

G 1 CH 

G6C“ 

hrs 

3 3 

5 0 

12 8 

2 6 

7 7 

19 3 

2 5 

11 0 

19 1 

1 7 

9 3 

10 9 

26 4 

2 4 

3 6 

7 3 

2 0 

6 0 

8 4 

1 4 

23 5 

3 9 

8 6 

2 2 

0 6 

1 6 

2 7 

1 2 

1 6 

1 3 

34 

1 3 

3 8 

2 9 

1 

0 5 

0 6 

1 2 

0 6 

1 1 

1 8 


* The data in Table II are from Trials III and IV , 

f Xb = nucrocuries per gm atom of C per microcurie injected per kilo of bo y 
weight 


In contrast to these results, the Embden-Meyerhof pathway would lead 
to the same specific activity in alamne (derived from pyruvate) for 0 
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tj^ies of labeled glucose unless the tiioses formed at the aldolase stage had 
different metabolic fates For example, if the equihbiation between phos- 
phoglyceialdehj’-de and phosphodihydioxyacetone had been slow and the 
latter (lepiesenting C-1,2,3 of glucose) had been preferentially diverted 
into the pathway of glyceiol synthesis, the observed labeling of alanme 
might be expected Howevei, such an explanation would not account 
foi the gieatei lecoveij' of C^'* m expired CO2 after G-l-C^^ Furthermoie, 
this mteipretation of the results obtained with alanme would lead one to 
expect the C*'' levels in glycerol to be higher from G-l-C^^ than fiom G-6- 
C'' when, to the contiaij’', these levels were, m fact, 2 to 3 times as great 
after G-6-C''’ as thej'^ v ei e after G-l-C^^ (see Table II) 

Utilization of Glucose for Biosynthesis — ^The observed results with expired 
CO 2 and milk products can be explained by the combined operation of 
the Embden-Me3’^eihof pathway and an alternate pathway winch, for 
purposes of calculation, we have assumed to be the pentose cycle Our 
reasons for deciding that the pentose cycle functions as the alternate path- 
way are discussed later To assess the relative impoitance of the pentose 
cycle we have assumed that it functions together with the Embden-Meyei- 
hof pathway to provide the major mechamsms for glucose catabolism in 
the cow In addition, we assume that pyiuvate is formed at equal rates 
from C-1 and C-6 of glucose along the Embden-Meyerhof pathway but 
arises only from C-6 of glucose along the pentose cycle since C-1 is lost as 
CO 2 (Fig 2) Alamne indicates the C^^ level m pyruvate, since it can be 
formed from the latter by transarmnation The amount of C*^ m alanine 
would be the same after G-l-C^'* and G-6-C’^ (per unit injected and 
per hter of milk produced) if the Embden-Meyerhof pathway operated 
exclusively Concurrent glucose metabohsm m the pentose cycle would 
result m greater transfer of C'^ to alamne aftei G-6-C^^, and the difference 
between results obtained with the two t3qies of labeled glucose would be 
directly proportional to the quantity of glucose metabohzed via the pentose 
cycle 

Under these conditions our estimate for the quantitative sigmficance 
of the pentose cycle was derived^ for the data obtained with alanine (these 
data are hsted in Table III) as shown below m Trials III and IV, 100 X 
(0 0321 — 0 0178) /O 0321 = 44 5 per cent via pentose cycle, m Trials V and 
VI, 100 X (0 0365 — 0 0231)/0 0365 = 36 7 per cent via pentose cycle 

The results fiom the two cows are in close agreement and indicate that 
at the site of alamne synthesis about 40 per cent of the glucose molecules 
had been converted to pyruvate via the pentose cycle If considerably 
moie glycerol were formed from the C-1,2,3 moiety of glucose than from 

’ This IS essentially the method applied by Abraham el al to estimate pentose 
cycle activity during fatty acid synthesis in mammary gland (8) 
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the C-4,5,6 moiety along the Embden-Meyerhof pathway (the data m 
Table II suggest that it was not), then our calculated values for the pentose 
cycle would be too high On the other hand, if pentose arismg m the 
pentose cycle was utihzed for nucleotide s3mthesis, it would have an oppo- 


se 

I 


I 

AC 



c 

I 

c 

I 

c 

I 

AC 


* designates 
A designotes 


C-l 

C-6 


Glucose 

n 

Glycerol^= — 1^ {E-M)-- 
Serine 1 1 

n 

COOH COOH 
1 1 
CO + CO 

*CHj ACHj 
Pyruvate 
(EMI 


Pentoses 


COOH 

io 

ACHj 
Pyruvole 
(Pentose cycle) ^ 


Alonine 



Tricorboxylic 

Acid 

Cycle 

u 

Glulomic Acid 


*C02 

h + 

ZCOa 


Fig 2 Hypothetical scheme of glucose metabolism along the Embden-Meyerhof 
(E-M) pathway and the pentose cycle Two trioses arise via theE-M pathway, and 
it IS assumed that these are converted to pyruvate in approximately equal quantities 
In the pentose cycle, C-l of glucose is oxidized to CO 2 and a tnose is formed from 
C-4, 5, 6 This tnose may mix with E-M intermediates at the phosphoglyceralde 
hyde or pyruvate level but, in either case, will result in the transfer of C’*to py- 
ruvate only from C-6 but not C-l of glucose Pyruvate may give nse to alanine via 
transamination or may enter the TCA cycle, where it may be oxidized to COs or 
converted into other compounds such as glutamic acid 


site influence and make our estimated values for the pentose cycle too low 
Smee we have no information on the relative magmtude of glycerol or 
nucleotide (pentose) synthesis from glucose, it is not possible to judge their 
influence on our calculated values 

Usmg the same method described above for alanme, we have estimate 
the quantitative importance of the pentose cycle based on the amounts 0 
recovered m serme and glycerol (Table III) The results of these ca 
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culations aie summarized m Table IV and indicate that 50 to 65 per cent 
of the glucose molecules weie metabolized along the pentose cycle at the 
sites of sjmthesis of glj'^cerol and serine 
Glucose Oxidation — ^The C^'‘ levels m respired CO 2 provide an additional 

Table III 


Recovery of in COt and Milk Constituents during 
S4 Hours after Injection of Glucose-C^* 


Trial No 

Position of C** 

Per cent injected C“ converted to 

CO. 

Milk constituents* 

Alanine 

Serine 

Glycerol 




X10-* 

X10-* 

xun 

III 

G-6-C*< 

33 

3 21 

5 68 

37 5 

IV 

G-l-C»< 

54 

1 78 

1 98 

14 6 

V 

G-6-Ci‘ 

15 

3 65 

6 31 

36 9 

VI 

G-l-C‘< 

49 7 

2 31 

2 74 

18 2 


* The per cent of injected converted to milk constituents is expressed per liter 
of milk produced during the 34 hour period This expression mimmizes the influence 
of variations in nailk production on the relative amounts of transferred to milk 
constituents from G-l-C'* and G-6-C‘‘ 

Table IV 


Quantitative Estimate of Glucose Metabolized via Pentose Cycle 


Calculation based on C** recovered per liter of milk in 

Data from 

Tnab III and IV 

Tnals V and VI 


per cent 

per cent 

Alamne 

44 * 

37 

Senne 

65 

57 

Glycerol 

61 

51 


* The method for estimating the quantitative importance of the pentose cycle is 
discussed in the text 


basis for estimating the quantitative importance of the pentose cycle It 
is generally accepted that carbon from glucose is converted to pyruvate 
before oxidation m the tricarboxyhc acid (TCA) cycle Thus, it seems 
probable that the amotmt of arising from G-l-C^^ or G-6-C^^ m the 

TCA cycle would be proportional to the mean specific activity of the pyru- 
vate pool If the alanine S 5 mthesized by the cow was derived from the 
same pyruvate pool that furmshes carbon to the TCA cycle, then the spe- 
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cific activity of alamne would also be proportional to the amount of 
arising from G-l-C^^ in the TCA cycle 

As shown in Fig 2, CO 2 would arise from C-6 of glucose only in the TCA 
cycle but could arise from C-1 of glucose during metabohsm in either the 
pentose cycle or the TCA cycle By using these conditions, the data from 
Trials III and IV provide the following indication of the importance of the 
pentose cycle In Trial III, after G-6-C^^ was injected, the mean specific 
activity of alamne was 4 18 during the time that 33 per cent of the injected 
was oxidized to CO 2 When the same cow was injected with G-l-C*^ 
(Trial IV), 54 per cent of the C^'* was oxidized to CO 2 , but the mean specific 
actmty of alamne during this same period was only 2 84 From these 
data it may be estimated that 2 84/4 18 X 33 = 22 4 per cent of the 
injected as G-l-C^^ was oxidized to CO 2 by way of the TCA cycle m Trial 
rv Since 54 per cent of the C’^ ivas recovered in CO 2 , it appears that 
(54 — 22 4)/54 = 59 per cent of the C‘'’02 from G-l-G^'* arose via the pen- 
tose cycle The same calculations based on the data collected m Trials 
V and VI indicated that 80 per cent of C-1 of glucose was converted to 
CO 2 via the pentose cycle 

Pievious studies have demonstrated that, m the cow, glutamic acid of 
casein is deiived from a-ketoglutarate in the TCA cycle (20) Thus the 
level m C-1 of glutamic acid (Table V) should correspond closely to the 
C^'* level of CO 2 arising in the TCA cycle From these data one can make 
an independent estimate of the relative importance of the pentose cycle 
m the oxidation of C-1 of glucose to CO 2 The method used for these 
calculations was the same as those discussed above for alanine, and the 
results aie summarized in Table V The estimates calculated from the 
specific activities of glutamic acid C-1 aie m close agreement with those 
based on alanine and mdicate that 56 to 75 per cent of the CO 2 fiom glu- 
cose C-1 was formed via the pentose cycle 

These values, which express the amount of CO 2 fiom C-1 of glucose 
formed via the pentose cycle, do not directly indicate the relative amount 
of glucose metabolized along this pathway, since the calculations neglected 
the amount of C^^ utilized for biosynthesis along the Embden-Meyerhof 
and TCA cycle pathways In the pentose cycle, C^‘* from G-l-C^^ is con- 

^ For these calculations we assume that the relationship between alanine and the 
pyruvate pool and between the TCA cycle and the pyruvate pool is the same in Tnals 
III and IV In other words, a given specific activity in the pyruvate pool (X) wall 
result in the appearance of alanine in casein wnth a specific activity A (X) where A is 
the dilution factor A wall be approximately constant for a given cow on a given ra- 
tion When the calculations are based on results collected over a 34 hour perio , 
variations in A, due to fluctuations in food intake, tend to average out The same 
cow was used in Trial III and Trial IV and its ration was the same during both tria s 
The same conditions apply for Trials V and VI 
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veitcd onlj’-to CO 2 , whereas in the Embden-Meyerhof, TCA cycle pathway 
this C*'' IS com ei ted to ammo acids, fatty acids, glycerol, etc as well as 
to CO 2 The amount of C*'* enteimg these non-lactose milk constituents 
■nould be appi ovimatel}’’ equal to the total injected as G-l-C*^ minus 
the C*'* m lactose and lespned CO 2 In Trial IV, 54 per cent of the in- 
jected C*'' ^^as m CO 2 and 40 7 pei cent m lactose, thus, 5 3 per cent can 
be assumed to have enteied glyceiol, fatty acids, ammo acids, etc In 
Trial VI the coiiespondmg values were 49 7 per cent to CO 2 and 41 4 per 

Table V 

COifrom Glucose C-1 Arising via Pentose Cycle 
The calculations summarized in Table V 'vsere based on the mean specific activities 
(Xs) of alanine and the C-1 of glutamic acid during the 34 hour experimental period 


Trial No 

Alanine 

Glutamic acid C 1 

x>' 

Glucose C 1 to CO I 
via pentose cycle 

Xs 

Glucose C 1 to COj 
via pentose cycle 



fer cent 


per cent 

III 

4 18 

59 

1 78 

56 

IV 

2 84 


1 28 


V 

3 74 

80 

1 05 

75 

VI 

2 48 


0 865 



* Xb = where Xo is the specific activity in microcunespergm atom of 

C per microcune injected per kilo of body weight The specific activity of the milk 
constituent from each milk sample was multiplied by the time period of milk forma- 
tion, and the resulting products summated for the 34 hour experimental period 

cent to lactose, leaving 8 9 per cent to go mto compounds other than lac- 
tose 

In Trial TV we estimated that 41 per cent (38 to 44 per cent. Table V) 
of the CO 2 from glucose C-1 arose in the Embden-Meyerhof, TCA cycle 
pathway which would be eqmvalent to 22 per cent (0 41 X 54 per cent) 
of the injected An additional 5 3 per cent of the went into com- 
pounds synthesized from the Embden-Me 3 ’'erhof pathway and TCA cycle 
intermediates Thus it appears that 27 3 per cent (22 -f 5 3 per cent) of 
the mjected glucose followed the Embden-Meyerhof pathway, whereas 32 

® It IS assumed that most of the glucose incorporated into lactose was utilized with- 
out passing along either the Embden-Meyerhof pathw ay or the pentose cycle Deg- 
radation of glucose from lactose shows that 95 per cent of the was present in C-1 
or C-6 when G-l-C'^ or G-6-C*^, respectively, was mjected (Butteru orth, E M , 
unpublished data) 
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per cent was metabolized m the pentose cycle Of the glucose catabolized 
by the two pathways, 32/59 3 = 54 per cent followed the pentose cycle 
The same methods apphed to the data from Trial VI indicated that 65 7 
per cent of the glucose catabohzed entered the pentose cycle 

These values, based on CO 2 production from G-l-C^S indicate that 54 
to 66 per cent of the glucose catabohzed entered the pentose cycle They 
are m close agreement with the results based on levels m nulk constit- 
uents, which indicated that 40 to 65 per cent of the glucose catabohzed had 
passed via the pentose cycle 

Distribution in Senne — ^The distribution of in the serme synthe- 
sized after injection of G-l-C^^ and G-6-C“ is shown m Table VI The 


Table VI 

Dtstnhuhon in Senne Recovered from Casein at 
Intervals after Injection of and G-6-C^* 


1 

Trial No 

Compound injected 

Tune of sample 

C'* distnbution 

C-1 

C-2 

C-3 



/trs 

j>er cent 

fir cent 

fer cent 

rv 

G-l-C‘‘ 

3 

9 

13 

78 

VI 


3 

8 

12 

80 

VI 


10 

14 

15 

71 

IV 

<t 

34 

20 

24 

66 

III 

G-6-Ci‘ 

3 

3 

13 

84 

V 


3 

3 

11 

86 

V 


10 

4 

9 

87 

III 

« 

24 

7 

13 

80 

V 

« 

34 


1 

75 


was located predommantly m C-3 of serme after mjection of either 
type of labeled glucose This labelmg pattern excludes the Entner-Dou- 
doroff scheme (21) and any similar mechanism from consideration as the 
alternate pathway in the cow The Entner-Doudoroff pathway results m 
the conversion of C-1 of glucose to the carboxyl of pyruvate which would 
lead to greater labehng m C-1 of serme The low level m C-1 of serme 
also shows that CO 2 fixation was of mmor importance m C^^ transfer to 
serme and thus can be neglected without mtroducing serious errors in our 
estimation of pathways for glucose metabolism 


DISCUSSION 

Isotope studies m intact ammals seldom dehneate pathways of metabo 
hsm but more often serve as a basis for deciding between various possi 1 
ities In the present study with G-l-C^^ and G-6-C*^, the results are 
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clearly inconsistent with exclusive operation of the Embden-Meyerhof 
pathwaj’^, although it is quite probable that this pathway accounts for a 
consideiable pait of the glucose catabohsm m the cow All of our results 
could be explained by postulating a combined operation of the Embden- 
IMeyerhof pathway and pentose cycle m glucose catabohsm in the cow 

Among the various alternate pathways proposed for glucose catabohsm, 
the pentose cycle is the only one for which there is a substantial body of 
supporting evidence m animal tissues Two enzymes of the pentose cycle, 
glucose-6-phospbate dehydrogenase and 6-phosphogluconate dehydro- 
genase, are widely distributed in animal tissues and are foimd in high 
concentration m lat mammary gland (22) The levels of these dehydro- 
genases m rat mammary gland were found to increase 20- to 60-fold durmg 
lactation (23), which suggests a relationship between the pentose cycle 
and milk formation These dehydrogenases have also been measured m 
sheep mammary tissue but apparently undergo smaller increases in activity 
durmg lactation than in rat mammary gland (9) 

The disappearance of ribose 5-phosphate has been measured in several 
ammal tissues in vitro and was found to be greatest m lactatmg mammary 
gland, especially during latei stages of lactation (22) This measurement 
reflects, m part, pentose breakdown and indicates the presence of enz3Tnes 
associated with the pentose cycle Peeters et al (24) have detected a 
ketoheptose in colostrum and m mammary gland tissue from cows, which, 
accordmg to chromatographic methods, appears to be sedoheptulose For 
these reasons it appears most probable that a pathway similar to, if not 
identical with, the pentose cycle is responsible for part of the glucose metab- 
olism m the cow 

The serme, alamne, and glycerol recovered from milk were probably 
synthesized to a large extent m liver and mammary gland, and the values 
calculated from their mean specific activities represent prmcipally the 
influence of the pentose cycle on glucose metabohsm in these organs How- 
ever, the quantitative significance of the pentose cycle estimated from 
alamne (40 per cent) was somewhat smaller than the estimate based on 
serme or glycerol (50 to 65 per cent) 

One explanation for the lower result obtained m the case of alamne 
would be that alamne reflects a more general picture of glucose metabohsm 
m the cow as a whole, whereas serme and glyceiol reflect more closely 
metabohc pathways of a special organ such as mammary gland and hver 
Studies in vitro mdicate that, m muscle, glucose is metabohzed predomi- 
nantly, if not exclusively, by the Embden-Meyerhof pathway (2, 25) It 
seems probable that a part of the lactate produced m muscle mixes with 
lactate and pyruvate in hver (and mammary gland) and thereby modifies 
the specific activity of the pyruvate (and, m turn, alamne) produced m 
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those organs after injection of specifically labeled glucose Under these 
conditions, the specific activity of alanine would be influenced by the path- 
way of glucose catabohsm, not only in hver and mammary gland but in 
muscle as well 

Phosphodihydroxyacetone, the precursor of glycerol (26), and phos- 
phoglyceiic acid, the probable precursor of serme (27), arise at a higher 
level m the Embden-Meyerhof pathway than pyiuvate and would not be 
expected to mix so largely with metabolites from other tissues, especially 
those from muscle ® Under these conditions, the calculations based on 
the specific activities of glycerol and seiine would represent more closely 
(than those based on alamne) the influence of the pentose cycle on glucose 
metabolism in hver and mammary gland These values indicated that 
50 to 65 per cent of the glucose had been metabohzed via the pentose cycle 
It is interesting that these values are m the same range as that derived by 
Abraham et al (8) from tn vitro studies mth rat mammary gland, in which 
it was estimated that 60 per cent of the glucose had been metabolized by 
the pentose cycle 

Differences in the metabolic behavior of different parts of the body may 
decrease the validity of our assumptions used in making these calculations 
For example, when the CO 2 produced fiom glucose metabohzed along the 
Embden-Meyerhof pathway does not aiise in the same TCA cycle as the 
a-ketoglutarate from which glutarmc acid of casein is formed, then our 
estimate for the per cent from glucose-l-C*'‘ aiising in the TCA cycle 
or pentose cycle may be in erior This problem arising from the uihomo- 
geneity of the system is not necessarily avoided at the tissue shce or even 
single cell level, since the discrete distribution of enzymes within the cell 
may lead to metabolic pools that equilibiate with their surroundings at 
different rates 

The agreement between results calculated from five different sets of data 
and the agreement between results for the two cows lend strength to the 
conclusion that the pentose cycle plays a major role in the glucose catabo- 
hsm of the lactating cow It appears that at least 40 per cent of the glu- 
cose catabohsm occurs via the pentose cycle, but in specific organs such as 
liver or mammaiy gland 60 per cent or more of the glucose may be catabo- 
hzed via the pentose cycle 


SUMMARY 

Glucose catabohsm was studied with intact lactating dairy cows 
intravenously with glucose-l-C^^ and glucose-6-C^^ The recovery of 

® It IS recognized that there may be some mixing between these compounds and 
pyruvate in liver and mammary gland during reverse glycolysis, butthis wou p 
ably have a relatively smaller influence on the specific activities of senne an g 
erol compared with the effect on alanine 
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was gieatei in the expiied CO2 aftei glucose-l-C^^ but was smaller m ala- 
nine, and scnne fiom casein, and glycerol fiom milk fat, than the corre- 
sponding results aftei glucose- 6 -C‘'‘ These results are inconsistent with 
the exclusive operation of the Embden-Meyeihof pathway and suggest an 
additional pathway of glucose metabolism thiough the pentose cycle 

The levels in alanine, seime, and glyceiol were used to estimate the 
quantitative impoitance of the pentose cycle m glucose catabolism In 
each case the lesults indicated that one-half to two-thirds of the glucose 
molecules catabohzed had enteied the pentose cycle Calculations based 
on C*'* levels m lespired CO2 gave similar results From these studies, 
imolving assumptions, the limitations of which have been discussed m 
the text, we conclude that a non-Embden-Meyerhof pathway, which is 
probably the pentose c3'^cle, has a majoi role m glucose metabolism m the 
lactatiug cow 

The authois vush to acknowledge the important techmcal assistance of 
Baibaia S Hazelwood, Arthur D Bond, and R A Nelson during this 
investigation 
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On page 262, lines from the bottom, Vol 219, No 1, March, 1956, read [a]" —1^1° 
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A number of attempts have been made m the past to estabhsh a “solu- 
bihty product” for bone (2, 6, 11), but there is little agreement m the 
hterature on the results obtained This opinion is ascribed (14) to the 
mconstancy of composition of the bone lattice due to its abihty to “ mir ror 
the composition of its fluid surroundings ” However, vanous workers 
have reported that, when bone is shaken mth blood or biological flmds, 
there is a fall m the calcium and phosphate concentrations in the solution 
(2, 6), paradoxically mdicating that tissue flmds are “supersaturated” 
with calcium and phosphate 

Neuman (13) showed that, when bone powder was shaken m a synthetic 
ultrafiltrate contaimng physiological concentrations of calcium and phos- 
phate, it removed these ions from the solution in a 2 1 ratio until the 
product of their concentrations was about 0 6 pmole per hter at the end of 
24 hours The same bone sample appeared to have an almost unhmited 
capacity to take up calcium and phosphate in this way, the calcium and 
phosphate concentrations at the end of 24 hours always being about the 
same It was not stated whether similar concentrations of calcium and 
phosphate could be obtained by startmg from “undersaturation ” For 
this reason the present attempt was made to estabhsh a solubihty product 
for bone powder 

Materials 

The bone powder was prepared by grmding caH bone (with the epiphyses 
cut out) to about 100 mesh and then defatting and drymg it with acetone 
and ether All the experiments were performed on one batch of bone 
/powder 


Procedure 

In prehminary experiments it was found that the agitation of the bone 
powder in water and inorgamc solutions resulted m the extraction of 
organic matter from the bone Ultrafiltration of the supernatant flmd 

* Fellow, Smith, Kline and French Laboratories Present address, Gardiner In- 
stitute of Medicine, Glasgow', Scotland 
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showed that a large but variable proportion of the calcium was not ultra- 
filtrable, it was presumably bound to protem or to polysaccharide extracted 
from the bone or to both It was therefore decided to perform all the 
experiments with the powder m dialysis bags as Levmskas (10) had pre- 
viously done m studies on the solubihty of hydroxyapatite 

The standard procedure was to place a weighed amount of bone powder 
in a short strip of dialysis tubing with some of the equdibratmg flmd and 
then to tie off both ends of the tube Except where otheiwise stated, the 
ratio of fluid to solid was kept constant at 10 ml of flmd to 1 gm of bone 
powder, this bemg the lowest practicable ratio and the one nearest to that 
existing in the body In most of the experiments, 3 gm of bone powder 
and 30 ml of fluid were used, about one-third of the flmd bemg placed 
inside the bag and two-thirds outside Equihbration wms carried out in 
Erlenmeyer flasks which were mechanically agitated in an incubator at 
37° Bacterial growth was prevented by the addition of a crystal of 
thymol or, in later experiments, a few drops of toluene 

The eqmhbrating fluid used in most of the experiments is referred to as 
a S 3 mthetic ultrafiltrate and was made up as described by Neuman (13) 
It was brought to a pH of 7 4 with 5 per cent carbon dioxide The tris- 
(hydroxymethyl)aminomethane (Tris) and cacodylate buffers were made 
up according to standard procedures at a strength of 0 15 m When 
calcium or phosphate was omitted from or added to the synthetic ultra- 
filtrate, no attempt was made to coirect the small change in molanty 
which resulted 

Calcium was estimated by titration with ethylenedianunetetiaacetic 
acid in the presence of alkah, wnth ammomum purpurate as the indicator, 
the end point bemg estabhshed in a Coleman spectrophotometer Phos- 
phate was estimated by the method of Fiske and Subbarow (1) and pH 
measurements were made with a glass electrode pH meter 

RestiUs 

Experiments at pH 7 4 to 7 6 — All of the results obtained by equilibrating 
the bone powder for periods of 16 to 72 hours at a pH of about 7 4 with 
synthetic ultrafiltrate and other buffered solutions of the same ionic 
strength contaimng various concentrations of calcium and phosphate are 
shown in Table I and Fig 1 Table I shows the imtial and final concern 
trations of calcium and morgamc phosphate, the imtial and final P ^ 
(when measured), the nature of the equilibratmg fluid, and the time o 
equihbration 

Most of these experiments were conducted for 24 houis In the case 
of Experiment GG-2, in which the initial calcium level was very high, 

72 hour levels are given Evidence that eqmhbrium was normallj" ieac.i 
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in R few houis was obtained on several occasions, and the results after 
5 houis 111 Experiment II are shown m Table II These 5 hour levels are 
veil within the lange of the results shown in Table I In other experi- 
ments, obseivations were continued foi 72 hours, and it was found that 
onl}’- veiy small and variable changes occurred between 24 and 72 hours 
(Tables and VII) 

The change m pH which occurred in this pH range was small in contrast 
to the large changes which occuried in experiments at lower pH levels 
(Table HI) 

The final pioduct of the calcium and phosphate concentrations m these 
expeiiments langed from 0 28 to 0 74 /nmole per hter The mean product 
V as 0 44 /nmole pei htei When this figure is corrected to allow for the 
piopoition of morgamc phosphate present in the divalent form at pH 7 4 
in 0 15 M solutions (78 per cent) and for ionic strength effects with activity- 
coefficients for calcium of 0 36 and for phosphate of 0 23,^ the activity 
product becomes 2 8 X 10“® mole per htei This may be compared with 
an actnnty pioduct of 2 65 X 10“^ for CaHP 04 H20^ and an activity 
product on dissolution of about 5 X 10“® (10) for hydroxyapatite under 
comparable conditions 

To make these figures comparable -with those of certain earher workers 
(2, 6, 11, 12) they have also been expressed m terms of the pK of secondary 
and tertiary calcium phosphate The solubility product, in these terms, 
of the secondary phosphate ranges from 6 2 to 6 7 and that of the tertiary 
from 24 7 to 26 7 When the experiments from supersaturation and 
undersaturation are considered separately, they do not show any signifi- 
cant difference m the range of either of these pK values 

Experiments at pH 6 2 to 7 8 — When an attempt was made to estabhsh 
the effect of pH on the solubility product, it was found that 0 15 m buffers 
were incapable of maintammg a constant pH at levels appreciably below 
7 4 Table III gives some examples of the pH changes which occurred 
durmg eqmhbration It was therefore found necessary to check the pH 
at frequent mtervals and to bring it back to the desired pH by the addition 
of 0 15 M acid or base (usually the former) When this had been done 
frequently through the 1st day, it was found that there was less tendency 
for the pH to change thereafter, but no attempt was made to check it 
during the mght, and m the mommgs it was found that small changes had 
occurred 

The results obtamed after 72 hours eqmhbration with this techmque 
are shown m Table IV and Fig 2 The effect of pH is very marked, the 
product varying fiom 3 9 X 10“® mole per hter at pH 6 2 to 0 19 X 10“® 
mole per hter at pH 7 8 It wiU be noticed that the line jommg these 

^ Neuman, “W F , personal communication 
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points (the upper line m Fig 2) passes through pH 7 4 at a product very 
close to the mean value of 0 44 pmole per hter obtamed m the previous 


I Co 6 0 
t PO.I 



Fig 1 Solubility product at about pH 7 4 The black dots represent the con- 
centrations of calcium and phosphate in the equilibrating solutions at the beginning 
of the experiments, and the tips of the arrows represent the concentrations at the 
end (usually 24 hours , see Table I) The line represents the mean final product of 
0 44 ^mole per liter 


Table II 

5 Hours Eqmhbrahon 


The concentrations of Ca and P after 6 hours equilibration in Experiment II 
See Table I for initial concentrations and 24 hour levels All concentrations are 
expressed in moles per liter 


Experiment 

Ca 

P 

CaXP 

X KT’ 

X 10-’ 

X 10'‘ 

II-2 

0 20 

1 6 

0 32 

II-3 

0 20 

1 7 


II-4 

0 45 

1 2 


II-5 

0 45 

1 2 

0 54 


experiments The lower Ime m Fig 2 (which is the product of the 
and seventh columns m Table IV) shows that the effect of pH on t e 
solubility product cannot be entirely explamed m terms of the dissocia lo 
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of secondaiy phosphate ions, since the pK falls from 6 1 at pH 6 2 to 6 8 
at pH 7 S However, when calculated in terms of tertiary calcium phos- 
phate, the solubility pioduct is lemarkably constant from pH 6 6 to 7 8, 
the extreme pK values being 26 1 and 26 7, the majority of them 26 4 


Table III 

Changes in pH during Equilih ation 


Clnnges in pH of 0 15 m buffer solutions in the presence of bone powder 


Expenment 

Buffer 

Initial pH 

pH after 




24 hrs 


KK-l 

Acetate 

5 4 

6 7 


KK-2 

tt 

5 6 

6 9 


iai-3 

tt 

5 8 

7 1 


KK-4 

it 

6 0 

7 1 


KK-5 

ti 

6 2 

7 3 





12 hrs 

48 hrs 

NN-1 

Tns-nvaleate 

5 6 

6 2 

6 3 

NN-2 

<< 

5 8 

6 5 

6 5 

NN-3 

H 

6 0 

6 6 

6 6 

NN-4 

n 

6 4 

6 9 

6 9 

NN-5 

<( 

7 0 

7 3 

7 3 




24 hrs 


00-1 

ti 

6 9 

7 0 


00-2 


7 1 

7 0 


00-3 

<< 

7 3 

7 4 


00-4 


7 5 

7 6 


00-5 

<< 

7 7 

7 7 





48 hrs 


JJ-1 

Acetate 

4 3 

5 5 


JJ-2 

t( 

5 0 

6 0 


JJ-3 

K 

6 0 

7 0 


JJ-4 

(( 

7 3 

7 6 



The last three columns of Table IV show the product of the calcium 
and total phosphate concentrations at 24, 48, and 72 hours The mmor 
irregularities m the products between 24 and 72 hours may be due to 
failure to keep the pH absolutely constant despite the precautions taken 
They certainly do not show any consistent trend which might suggest that 
equihbnum had not been attamed 

Table V shows the results obtamed at pH 6 2 and 7 8 when equihbnum 
was approached from higher values The results should be compared 
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With those of Table IV in which all the equilibria were approached from 
below In terms of the secondary salt, only a small difference can be 
seen between the results obtamed by the two pioceduies, m experiments 
from above the pK lange is 6 1 to 6 5, and in experiments fiom below, 6 1 
to 6 8 In teims of the tertiary salt, the lange in the undersaturation 
experiments is 26 1 to 27 3, and in the supersaturation experiments 25 4 
to 27 5 In each series of experiments, the “solubility” of the secondary 
salt IS greatest in the acid medium, and that of the tertiary salt greatest 

Table IV 

Effect of pH on Solubility 


The effect of changes in pH upon the solubility of the bone powder All solutions 
were free of calcium and phosphate at the beginning of the experiments All con 
centrations are expressed in moles per liter 






Ca 

P 


POi'" 

pK 
sp * 
CaH- 
POi 

pK^ 

Cw 

(POOj 

CaXP 

Experiment 

Fluid 

pH 

Tune, 

hrs 



X io-> 


X KT'o 

24 

brs 

X 10- 

48 

hrs 

E 

72 

brs 

YY-1 

Cacodyl 

buffer 

6 2 

72 

4 

0 

0 97 

0 19 

0 85 

6 1 

27 3 



3 9 

YY-2 

ii « 

6 4 

72 

3 

9 

0 76 

0 21 

1 52 

6 1 

26 9 

3 2 

2 2 

3 0 

YY-3 

<i « 

6 6 

72 

3 

5 

0 46 

0 17 

2 10 

6 2 



1 3 

1 6 

YY-4 

i( it 

6 8 

72 

2 

7 

0 46 

0 22 


6 2 

26 4 

0 93 

1 0 

1 3 

YY-5 

« u 

7 0 

72 

2 

3 

0 39 

0 23 


6 3 

26 1 



Qlj| 

QQ-1 

Tns 

7 0 

72 

1 

8 

0 31 

0 18 


6 5 

26 7 


■ 

0 56 

QQ-2 

< ( 

7 2 

72 

1 

3 

0 33 

0 23 


6 5 

26 4 

W 1 

i 

0 42 

QQ-3 

ti 

7 4 

72 

0 

7 

0 49 

0 39 

BlSl 

6 6 

26 4 


i 

0 36 

QQ-4 

(( 

7 6 

72 

0 

4 

0 63 

0 54 

82 0 

6 7 

26 4 


1 

m 

QQ-5 

(C 

7 8 

72 

0 

25 

0 75 

0 69 

170 0 

6 8 

26 3 

0 26 

0 24 

0 19 


* S p = solubility product 


m the alkalme medium, but bearing in mind that the latter pioduct involves 
a fifth order calculation, the results from below in the latter case appear 
extremely consistent 

Effect of Varying Solid to Fluid Ratio — In all the experiments describe 
thus far, the sohd to fluid ratio was 1 10 It was felt that if the resu ts 
obtamed represented any sort of solubility product, they should be repro 
ducible at other sohd to flmd ratios, at least within certain hmits Stu les 
were therefore carried out with 100 mg , 500 mg , 1 gm , 3 gm , and 5 giu 
of bone powder, m each case with 50 ml of flmd The results are s own 
m Table VI, which indicates that substantially the same results were 
obtamed over the whole of this 50-fold range of sohd to fluid ratio 
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Fig 2 Effect of pH on solubilit}’- product The black dots show the product of 
the calcium and phosphate concentration after 72 hours equilibration at various pH 
levels The white circles shov the corresponding figures after correction of total 
phosphate to divalent phosphate ions (see Table IV) 


Table V 

Equilibration from Above 


Concentrations of calcium and phosphate after 24 hours equilibration with bone 
powder, starting from “supersaturated” solutions Tris buffer at pH 7 4 and 7 8, 
cacodylate buffer at pH 6 2 All concentrations are expressed in moles per liter 


Eipenment 

Initial levels 

Final levels (24 hrs ) 

pH 

Ca 

p 

HPOi' 

PO 4 '" 

Ca 

P 

HPOi" 

POi'" 



X 10-> 

X icr» 

X 10-» 

X 10^ 

AAA-1 

7 8 

2 1 

2 2 

2 0 

4 8 

0 55 

0 68 

0 61 

1 5 

6 5 

25 4 

AAA-2 

7 8 

2 1 

2 2 

2 0 

4 8 

0 50 

0 62 

0 55 

1 4 

6 6 

25 8 

AAA -3 

7 4 

1 5 

2 2 

1 8 

1 6 

0 90 

0 56 

0 44 

0 4 

6 4 

26 0 

AAA-4 

6 2 

1 8 

2 2 

0 4 

0 02 

4 9 

0 62 

0 12 

0 006 

6 2 

27 5 

AAA-5 

6 2 

1 8 

2 2 

0 4 

0 02 

4 7 

0 32 

0 16 

0 007 

6 1 

27 3 


S p = solubility product 
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DISCUSSION 

Neuman (14) and Hodge (3-5) have stressed that bone mineral is not a 
sufficiently pure or constant compound to possess a true solubihty product 
Nevertheless, since it has been formed m biological fimds of remarkably 
constant composition, it is not unreasonable that it should possess a 
relatively constant solubility, and it seems that the solubility of this 

Table VI 

Effect of Solid to Fluid Ratio 


All samples were equilibrated with 50 ml of 0 15 m Tris buffer at pH 7 4 No 
calcium or phosphate in original solutions All concentrations are expressed in 
moles per liter 


Experunent 

I 

Time 

Solid 

Ca 

P 

HPOi" 

1 

POi'" 

pK s p * 

pKsp* 

Caj(P04)i 


X I(r> 


X io-» 

CaHUfUi 

UU-1 

hrs 

24 

fits 

100 

m 

0 25 

n 

■ 

6 8 

26 8 


48 

100 


0 22 


mSm 

6 8 

26 9 


72 

100 


0 41 

0 33 

3 0 

6 8 

27 0 

UU-2 

24 

500 


0 41 

0 33 

3 0 

6 6 

26 3 


48 

500 


0 28 

0 22 

2 0 

6 8 

26 9 


72 

500 


0 44 

0 35 

3 2 

6 6 

26 6 

UU-3 

24 

gm 

1 

0 80 

0 44 

0 35 

3 2 

6 6 

26 3 


48 

1 

0 90 

0 34 

0 27 

2 5 

6 6 

26 3 


72 1 

1 

0 88 

0 44 

0 35 

3 2 

6 5 

26 2 

tJU-4 

24 

3 

0 80 

0 53 

0 42 

3 8 

6 5 

26 1 


48 

3 

0 90 

0 59 

0 46 

4 3 

6 4 

25 9 


72 

3 

0 80 

0 47 

0 37 

3 4 

6 5 

26 2 

UU-5 

24 

5 

0 80 

0 52 

0 41 

3 7 

6 5 

26 2 


48 

5 

0 70 

0 59 

0 46 

4 3 

6 5 

26 2 


72 

5 

0 80 

0 44 

0 35 

3 2 

6 6 

26 3 


* S p = solubility product 


particular sample of bone can be expressed m terms of the product of the 
calcium and phosphate concentrations with which it comes mto equihb- 
rium, under the conditions of these expeiiments Whether similar re- 
sults can be obtamed on other bone preparations by other workers remains 
to be seen 

The figure obtamed for the activity product of this bone preparation 
at pH 7 4 (2 8 X 10~® mole per liter) is close to, but a httle larger than, 
Levmskas’ figure (10) for the solubility of synthetic hydroxyapatite in 
similar conditions, but smaller than the thermodynamic solubility pro uc 
of dibasic calcium phosphate which is 2 65 X 10"^ (13) It is apprecia y 
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smaller than the uncoirected pioduct of the calcium and phosphate concen- 
trations in mammalian tissue fluid, which is about 2 X 10~® mole pei 
liter (activit 3 ’- pioduct about 1 3 X 10“’) It is also consideiably lower 
than the figure ai rived at by Logan and Taylor (12) when they equihbrated 
very small amounts of morgamc solid oi bone powder with very laige 
volumes of calcnmi and phosphate solutions They approached equihb- 
rium from above and found that the solubihty product became larger as 
the amomit of sohd used became smaller, until with very small amounts 
of sohd the pK of the solubihty product Ca 3 (P 04)2 became 23 1 This 
figure IS compaiable mth the product in the tissue fluids, and they beheved 
that the lower figure obtained with larger amounts of sohd could be ex- 
plained by adsorption of ions on the surface Another possible explanation 
might be that the small amounts of solid used were madequate to take up 
the large amounts of calcium and phosphate present m the solutions 
Logan and Kane (11) reported a number of calcium and phosphate values 
obtamed by equihbration with bone, but in most cases the solid to fluid 
ratio was very much lower than that used m these experiments However, 
ivith a sohd to fluid ratio of 1 20 and a pH of 6 65, they obtamed a calcium 
concentration of 2 55 and a phosphate concentration of 1 15 mmoles per 
liter The product of these values is very close to the product obtamed 
in the present experiments at this pH 
The solubility product for bone powder obtamed at pH 7 4 is so far 
below the product m the tissue fluids even m hypoparathyroidism or 
vitamm D deficiency that it certainly cannot explain the levels of calcium 
and phosphate present m body flmds However, a product comparable to 
that found m tissue flmd was obtained at a pH of about 6 6, and small 
changes m pH around this figure caused large changes in solubihty, mamly 
due, presumably, to the large effect of pH changes in this region on the 
dissociation of phosphoric acid These results suggest the possibihty that 
the bone tissue in the hvmg orgamsm may be exposed to a bathing fluid 
at a lower pH than is normally assumed to be the case It seems not 
inconceivable that a semipermeable “membrane” (as suggested by Howard 
(7)) or gel may separate the bone crystals from the tissue fluid and that a 
pH gradient may exist across this barrier Possibly the interior of bone 
IS not as weU supphed with oxygen as other tissues, and the result is a 
local “acidosis” due to accumulation of CO 2 or organic acids If such 
were the case, and this is, of course, mere speculation, parathyroid hormone 
and vitaimn D would only have to effect a small additional lowering of 
pH locally m order to dissolve bone mineral (9) There has prenously 
been speculation m this direction by Park (16) and Jaffe (8), among others 
The solubihties of calcium phosphate, bone powder, and synthetic 
hydroxyapatite have been compared m Table "SHI In terms of secondary 
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OEIGIN OF THE MAJOR SPECIFIC PROTEINS IN MILK* 


Btl B L LAESON and D C GILLESPIEf 

(From the Laboratory of Biochemistry, Department of Dairy Science, University of 

Illinois, Urbana, Illinois) 

(Received for publication, January 31, 1957) 

The piotems piesent m milk have been considered not only to aiise from 
the synthetic actnaties of the mammaiy gland but also to mclude some 
preformed piotems which enter the gland from the blood and possibly other 
souices The isolation and recogmtion in i ecent years of 97 per cent of the 
protems of bovine skim milk as specific chemical and biological entities 
(1) have made it possible now to determme which of these proteins aie 
sjmthesized m the mammary gland 

Various mvestigators (2-7) have shown with several species that intra- 
venously injected radioactive precursois are incorporated rapidly into the 
imlk proteins m the lactating mammaiy gland Protems S 5 mthesized m 
the gland and removed periodically by the milking process contain a nota- 
bly higher level of activity up to 24 hours than protems synthesized else- 
where and diluted by an existmg protem pool Black and Kleiber (5) 
have shown, with the aid of carbonate-C*^ that m the cow m the eaily 
hours it IS chiefly the non-essential ammo acids which incorporate the 
activity Campbell and Work (2) and Askonas et al (3) found with the 
rabbit and the goat that the total casern isolated from milk taken withm a 
few hours after the intravenous admimstration of radioactive ammo acids 
contams a higher level of activity than the total whey protems On the 
assumption that all of the casein was synthesized m the gland, this result 
was interpreted to indicate that some, at least, of the whey protems must 
have a different origm Part of the difference was accounted for by the 
immune globuhns^ which appaiently enter the gland m a bound state from 
the blood, probably as the mtact piotem (6) Askonas et al (7) subse- 

* Supported in part by aid from the Rockefeller Foundation and the Atomic 
Energy Commission 

t Present address, Department of Microbiology, Western Reserve University, 
Cleveland, Ohio 

^ The immune globulins should not be confused with j3-lactoglobulin /3-Lacto- 
globulin, a-lactalbumin, and milk serum albumin together comprise essentially the 
classical “lactalbumin” fraction of the whey proteins The immune globulin com- 
ponents contain the antibodies of milk and comprise essentiallj the classical “lacto- 
globulin” fraction The relation of the currently preferred nomenclature of the 
milk proteins to that of the past has caused some confusion This has been clarified 
recently in a review by Jenness et al (1) 
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quently found in the goat that total casein and j8-lactoglobuhn aie synthe- 
sized from a free anuno acid pool in equilibrium with the free ammo acid 
pool of the circulating blood This imphes that a-casem and )3-casein are 
synthesized m the gland, since they comprise about 65 and 30 per cent, 
respectively, of the total casein 

It IS possible from these studies to draw analogies among different 
species to ariive at conclusions concerning the probable origin of several of 
the majoi proteins of bovine nulk The present studies were conducted to 
establish for these and for the remainder of the major nailk proteins which 
originate from the free aimno acid pool m the gland and which enter the 
gland pieformed from another source 


EXPERIMENTAL 

A 1300 pound Holstein cow w^hich was producing 24 pounds of inilL pei 
day m the 8th month of lactation was chosen for these studies An injec- 
tion of 20 me of as sodium carbonate wms made into the right jugular 
vein Blood and imlk samples were taken before and at 3, 11, and 24 hours 
after injection After an injection of 10 units of oxytocin, the cow was 
milked dry at each interval 

The imlk samples were warmed to 37°, and the fat was removed by cen- 
trifugation The skim imlk was brought to pH 4 6 with dilute HCl and 
centrifuged The precipitated casein was washed three tunes with dis 
tilled water and centrifuged, the first wmshing being added to the whey 
The moist packed casein was stored at 4° under toluene until further frac- 
tionated The whey samples were dialyzed against 4 volumes of distilled 
water for about 18 hours These steps were carried out within 24 hours of 
the samphng time 

Casein Fractionation — The urea methods of Hipp et al (8) were used with 
the folloAving modifications The a-casein precipitated from 4 63 m urea 
was washed three times with 4 7 m urea The precipitate contained 90 
per cent of a-casein contanunated with about 10 per cent of ^-casein, as 
shown by electrophoietic analyses The crude j3-casein precipitated from 
16 m urea was redissolved m 3 3 m urea, centrifuged, and precipitated by 
diluting to 1 6 M urea The precipitate contained 93 per cent of ^-casein 
contaminated wnth 5 per cent of a-casein and 2 per cent of y-casein, as shown 
by electrophoretic analysis The procedure for y-casein was followed to 
the end of the second precipitation with ammonium sulfate An electro 
phoretic analysis showed that this precipitate contained about 25 per ce 
7 -casein, 60 per cent /3-casein, 5 pei cent a-casem, and 10 per cent o 
unidentified component with an electiophoietic mobihty midway 
a-casem and /3-casem This component accounted for less than ^ P®* 
of the original casein Puie y-casem was lemoved from the descen 
boundary of the electrophoretic cell with a hypodermic needle 
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Whey Pi otcin Fractionation — The dialyzed whey was clarified by centrif- 
ugatioii to remove traces of casein and lipoproteins and brought to pH 6 0 
by the addition of neutral phosphate buffei Two fractions weie obtained 
bj’’ piecipitation with sohd ammomum sulfate at 2 06 m and 3 7 m 

The piecipitate lemoved fiom the 2 06 m ammomum sulfate solution was 
dialj’'zed against distiUed water and further fractionated by a modification 
of the method of Smith (9) The solution was adjusted to pH 4 6 with 
dilute HCl and a saturated solution of ammomum sulfate was added to 
give a 1 0 iM solution Aftei centiifugation, the supernatant fluid was 
adjusted to pH 6 8 with dilute NaOH and saturated ammonium sulfate 
solution was added to give a 1 62 ai solution The precipitate was removed 
bj’" centrifugation and contained about 85 per cent immune eu- and pseu- 
doglobulms contaminated vnth 15 per cent of material with the electio- 
phoietic properties of a-lactalbumin as shown by an electrophoretic analysis 

The piecipitate removed from the 3 7 m ammomum sulfate solution was 
treated according to the procedures of Larson and Jenness (10) to prepare 
ciystaUine /3-lactoglobuhn Some difficulty was experienced in ciystal- 
hzmg the /3-lactoglobuhn from some of the solutions after seeding, and m 
these instances the concentrated /3-lactoglobuhn solutions weie dialyzed 
against distilled water after adjustment to pH 4 7 vuth acetate buffei In 
either case, electrophoretic analysis showed that the precipitate contained 
85 to 95 per cent /3-lactoglobuhn contaimnated with a-lactalburmn The 
supernatant fluid was adjusted to pH 4 0 with one-fourth its volume of 0 2 
M potassium acid phthalate and brought to 1 0 m ammonium sulfate con- 
centration by adding a saturated solution of this substance Electropho- 
retic analysis of the precipitate showed that it contained about 95 per cent 
a-lactalburmn contaminated with /3-lactoglobuhn and milk serum albumin 
The supernatant fluid contained about 20 per cent milk serum albumin, 70 
per cent /3-lactoglobuhn, and 10 per cent a-lactalbumin Pure milk serum 
albumin was removed from the ascending boundary m the electrophoretic 
cell by means of a needle 

Blood Protein Fractionation — Globulins were precipitated from the blood 
serum by raismg the ammomum sulfate concentration slowly to 2 06 m 
with a saturated solution The precipitated proteins contained 10 per 
cent of material with the electrophoretic mobihty of blood serum albumin 
The proteins m the supernatant fluid contained about 85 per cent of ma- 
terial with the electrophoretic mobihty of blood seium albumin 

Preparation of Solutions for Analysis — -The vaiious preparations were 
dialyzed against watei and neutial phosphate buffei to dissolve them and 
to remove all tiaces of uiea and ammomum sulfate An ahquot of 5 ml 
was removed and dialyzed thiee times against 20 volumes of phosphate 
buffer (pH 6 9, ionic stiength of 0 1) for combustion and counting of the 
radioactivity An ahquot of 20 ml was dialyzed three tunes against 30 
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volumes of Veronal buffer (pH 8 6, lomc strength of 0 1) for the electro- 
phoretic analyses 

Electrophoretic analyses were carried out as previously described (11, 
12) Combustions for radioactivity assay were conducted by the wet 
method with use of the Van Slyke-Folch macro wet combustion fluid (13) 
The samples of CO2 were precipitated as BaCOs and either counted at 
infini te thickness or, if not, corrected with a standard BaCOs self-absorp- 
tion curve (14) 

The results given for a-casem, /3-casem, 7-casem, nulk serum albumin, 
/3-lactoglobuhn, and Q!-lactalbuimn are uncorrected smce they were of 85 
to 100 per cent punty and the contammants were components with about 
the same level of activity The immune globuhns were corrected for the 
15 per cent of material of high activity present, this had but a small effect 
on the result (t e 3 hour figures were corrected from 4 5 to 3 1 me of C“ 
per mole of protem carbon) 

RESULTS AND DISCUSSION 

The protem analysis of the milk collected in this study is shown m Table 
I The rmlk taken at the four intervals did not differ significantly m pro- 
tem composition and was of the composition expected from a Holstem cow 
at this stage of lactation (15) 

The results shown m Fig 1 mdicate that the total whey proteins in 
corporated less activity than the total casein The level of activity found 
in the blood protems was lower than that m the rmlk proteins, no signifi- 
cant difference was found between the levels incorporated into the blood 
albumin and globuhn fractions In all cases, the highest activity was 
found at the 3 hour level 

The curves m Fig 2 show that the milk proteins may be separated into 
two distinct groups m terms of the activity mcorporated The level of 
incorporated by a-casein, /3-casein, a-lactalbumm, and /3-lactoglobulm 
(hereafter called Group A) was about the same at each of the mtervals, 
the highest level was present m the 3 hour milk The level of activity 
mcorporated mto 7-casein, the immune globuhns, and rmlk serum albumin 
(hereafter called Group B) was considerably lower at the 3 hour mterva , 
increased a little at the 11 hour mterval, and then decreased at 24 hours 
The recogmtion that milk serum albumm as well as the immune globulins 
mcorporates low activity adequately accounts for the difference in the leve 
of activity mcorporated mto total casein and the total whey proteins 

These results imply that the conclusions reached by Askonas et al (6j / 
for the synthetic origin of jS-Iactoglobuhn and the immune globuhns in t e 
goat and rabbit also hold true for the cow Since 7-casein comprises on ^ 
a small percentage of the total casein (Askonas et al noted that ony 
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tiace was present in their total goat milk casein), it is apparent that the 
amount of activity incorporated into a-casem and j8-casein may not differ 
significantly from that in the total casein 


Table I 

Protein Analysts of Milk 


Protein fraction 

Present per 100 ml skim 
milk 


gm 

Casein (total) 

2 96 

a-Casein 

1 98 

^-Casein 

0 83 

7 -Casein 

0 15 

Whey proteins (total) 

0 60 

Immune globulins (eu- and pseudoglobulins) 

0 07 

or-Lactalbumm 

0 12 

/3-Lactoglobulin 

0 30 

Milk serum albumin 

0 03 

“Minor” protein components* 

0 08 

Non-protein nitrogen (as protein) 

0 21 

! 


* Contain enzymes, proteins unidentified or present in low concentrations, pro- 
teoses, and peptones, etc ( 1 ) 



HOURS AFTER INJECTION 


Fig 1 Level of fixed in the total casein, total whey proteins, and the blood 
proteins after intravenous injection of Na2C‘^03 


The similarity in the levels of C*'* incorporated by each of the proteins 
in Group A suggests that these four proteins arise from a common origin 
This smularity would be expected if these proteins were s 3 Tithesized in the 
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gland from a common ammo acid pool, smce each of these protems contains 
about the same level of the non-essential ammo acids, especially glutamic 
and aspartic acids If /3-lactoglobuhn, a-casem, and /3-casem are synthe- 
sized m the mammary gland from a free ammo acid pool, their level of 
mcorporated activity repiesents the highest level that a protem could con- 
tain (withm the limit of differences in ammo acid composition) The fact 
that a-lactalbumm also mcorporates the same high level imphes that it 
must have been synthesized at the same time from the same free ammo 
acid pool This does not preclude the possibihty that one or more of the 
four proteins m Group A could be synthesized elsewhere from the circulat- 



Fig 2 Level of C** fixed in the individual proteins of milk after intravenous in 
jection of NajCi^Os 


mg ammo acid pool and be cained by the blood to the mammary gland 
Such a situation is unhkely, smce it would require that the mammary gland 
removed the protem from the blood stream so rapidly that it was not di- 
luted by a pool of similar protem synthesized durmg the previous interval 
and present in the circulatmg blood Attempts to isolate any of the pro- 
tems in Group A from the blood have proved frmtless and there has been 
no immunological evidence to mdicate that they are ever present m 
the blood of either lactatmg or non-lactatmg animals (16) Furthermore, 
Heyndrickx and De Vleeschauwer (17) have observed in perfusion studies 
that the excised mammary gland contmues to secrete nulk with a normal or 
only shghtly changed protem composition The close relationship be 
tween the protems m Group A also has been shoxvn by previous work, w 
mdicated that there is a highly significant correlation between the leve o 
the four protems present m the milk of mdividual cows (12) Little re a 
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tionship was found between the levels of the proteins in Group A and those 
111 Gioup B 

Any explanation foi the oiigin of the thiee proteins in Group B must 
satisfy the data foi radioactivity as well as the present day knowledge of 
protein synthesis and the physiological processes of an incorporation and 
excretion winch occur in the mammary gland The foUowmg hypotheses 
must be considered as possible explanations of the results observed for the 
proteins which incorpoiate low activity (a) These proteins aie synthesized 
m the mammary gland at the same sites as the other milk proteins but at a 
slowei rate, (b) these proteins are synthesized m the mammary gland at a 
site sepal ate from that for the other milk protems and there is a lag between 
synthesis and transfer of the proteins to the site where they are incorporated 
as pait of the milk, and (c) these components are blood protems which mi- 
grate at a continuous rate from the blood stream (or lymphatic system) 
into the milk 

The first hypothesis may be eliminated smce, if a piotein were synthe- 
sized at the same site as the protems m Group A, it must have origmated 
from the same ammo acid pool The periodic removal of the synthesized 
protem by milking the cow does not allow a large pool of protem to accumu- 
late Hence, even if the synthesis were slower, the protems formed during 
the mterval at the same site should all contain about the same level of 
activity within the hmits set by the differences m their ammo acid composi- 
tion This assumes that the protems are synthesized from a common free 
ammo acid pool, an assumption which appears warranted from recent work 
with mammahan tissues (18) Even if one of the protems m Group B 
were synthesized from peptide fragments or partially from the free ammo 
acid pool, its level of mcorporation only fortmtously would be the same 
as the other protems m Group B or of the blood serum protems Such a 
situation IS unlikely 

The other two possibilities could equally well explain the activity curve 
with time and the lower specific activity of the protems m Group B The 
low value at the 3 hour mterval is probably the result of dilution by a pool 
of unlabeled protem which arose either by synthesis and storage m the 
mammary gland or by migration of preformed protems into the gland 
In the one case, the dilutmg protem is that formed m the gland before in- 
jection of but not released imtil the 3 hour miUong time, when it 
would contam a fraction of high activity protem formed during the period, 
more of the high activity protem would be present m the 11 hour milkin g 
In the other case, the constant migration of mcreasmgly labeled blood 
protem mto the milk would account for the low 3 hour value and for the 
mciease at 11 hours The drop at 24 hours occurs m all the protem frac- 
tions and IS a reflection of general dilution and loss of 
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However, the close similarity m the specific activities of the blood pro- 
tems and the protems in Group B suggests that they have a common ori- 
gm The level of activity found in the protems of Group B at the milk- 
mg intervals is what would be expected if the blood protems were entermg 
the gland durmg the mtervenmg period If this was not the case, it would 
have to be inferred that the ratio between the amoimt of highly active blood 
protems synthesized in a given interval to the total amount of protems m 
the blood stream was exactly the same as the ratio between the amount of a 
highly active protem synthesized in a given mterval m the mammary gland 
to the total amount of this protem present m a pool in the mammary gland 
Such a situation seems improbable The high level of 7 -casem found m the 
colostrum at parturition (15) and the observations of Heyndrickx and 
De Vleeschauwer (17) that this protein is similar in nature to the immune 
globuhn components suggest a relationship of Y-casein to the blood protems 
The available chemical and immunological data indicate that the immune 
globulms and milk serum albuimn are identical with protems present in 
the blood serum (1) These considerations suggest that the data for the 
protems in Group B can best be explained by assuming that they are nor- 
mal blood protems which migiate into the nulk from the blood stream 
This does not ehminate the possibihty that one or more of the protems in 
Group B stiU could be synthesized m the mammaiy gland at a site other 
than the secretory tissue where the pioteins m Group A are synthesized 
Such a situation can be envisioned m the case of the immune globulms, 
for example, when synthesis of the various immune components occurs at 
several sites m the ammal One of these could be m the mammary gland 
If the mammary gland is a site at which synthesis of a sigmficant quantity 
of immune globuhns occms, however, the present data imply that they are 
not transferred to the milk directly but enter the blood stream first 

SUMMARY 

20 me of (as Na 2 C 03 ) were injected intravenously into a lactatmg 
dairy cow 

The levels of incorporated by a-casem, /3-casem, a-lactalbuinin, and 
/3-lactoglobulm suggest that these milk proteins are synthesized m the 
mammary gland from a common free ammo acid pool 

The levels of incorporated by 7 -casein, the immune globuhns, an 
milk serum albumin, and their sumlarity with the levels present in t e 
blood proteins, suggest that these protems enter the nulk preformed from 
the blood stream 
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SYNTHESIS AND MICROBIOLOGICAL PROPERTIES OF A 
THIOPHENE ANALOGUE OF CARNOSINE* 

By FLOYD W DUNN 

(From the Department of Chemistry, Abilene Christian College, Abilene, Texas) 
(Received for publication, December 10, 1956) 

Pievious studies have shoivn that ceitam peptides of thienylalamne 
aie effective giowth inhibitors (1), and under some conditions the pep- 
tides are moie toxic than thienylalamne (2) This paper reports the 
preparation of /3-alanyl-i3-2-thienyl-DL-alanine and studies of its effect 
upon the grovdh of Escherichia call strain 9723 It can be seen from 
the structures below that this peptide analogue is structurally similar 
to carnosine (jS-alanylhistidine), a naturally occurring dipeptide, and is 
also similar to /3-alanylphenylalamne 

HjN— CH2CH2CONH— CH— COOH H2N— -CH2CH2CONH— CH— COOH 


CH2 CH2 



/3-Alanyl-/3-2-thienylalanme /S-Alanylbistidine 

Since previous studies have demonstrated competitive antagomsm 
between structurally similar peptides such as glycyl-i3-2-thienylalamne and 
glycylphenylalamne (2), it might be expected that competitive antagomsm 
would occur between the structurally similar /3-alanyl peptides It is 
shovm m the experimental section that the toxicity of i8-alanyl-/3-2-thienyl- 
alamne is competitively reversed by the corresponding phenylalamne and 
histidine peptides, and the competitive relationships observed for the 
)3-alanyl peptides appear to be functions of the peptides rather than the 
constituent ammo acids 


EXPERIMENTAL 

Compounds — /3-Alanyl-j3-2-thienyl-DL-alamne was prepared as described 
below, other compounds have been reported previously and were prepared 
by conventional methods or obtained commercially 

^-2-Thienyl-DL-alanine Methyl Ester Hydrochloride — 10 gm of /3-2-thienyl- 

* This work was supported by grant No RG-2843 from the United States Public 
Health Service, and was presented in part at the 130th meeting of the American 
Chemical Society at Atlantic City, September 16-21, 1956 
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DL-alamne were esterified with methanol by a procedure similar to that 
described by Polglase and Smith (3) for other amino acids A yield of 
9 1 gm of ester hydrochloride melting at 160° was obtained 

C 8 H 12 O 2 NSCI Calculated, N 6 32, found, N 6 46 

Carhohenzoxy-^-alanyl-^-^-thtenyl-DL-alamne Methyl Ester — Carboben 
zoxy-|3-alamne (0 03 mole) was coupled ivith /3-2-thienyl-DL-alamne methyl 
ester (0 03 mole) by the method of Vaughan (4) and others, as modified 
by Albertson and McKay (5), yielding 8 8 gm of product meltmg at 95° 
The compound was purified by recrystalhzation from ethyl acetate-petro- 
leum ether 


C,9H2206N2S Calculated C 58 44, H 5 68, N 7 18 

Found “ 58 38, “ 5 79, “ 7 36 

Carbohenzoxy-p-alanyl-^-S-thienyl-DL-alanine — 5 gm of the above ester 
were hydrolyzed in 50 ml of acetone and 15 ml of 1 m NaOH at room 
temperature for about 1 hour After removal of the acetone, the aqueous 
solution was extracted with ether, filtered, and acidified with dilute hy- 
drochloric acid to precipitate carbobenzoxy-/3-alanyl-j8-2-thienyl-DL-alarane 
Yield, 4 6 gm , after recrystalhzation from hot carbon tetrachloride, the 
melting point was 138° 

C 18 H 20 O 6 N 2 S Calculated C 57 43, H 5 36, N 7 44 

Found “ 57 29, “ 5 45, “ 7 35 

P-Alanyl-^-2-thtenyl-DL-alamne — ^3 6 gm of carbobenzoxy-j8-alaiiyl-^-2- 
thienyl-DL-alamne were allowed to react with 10 gm of 33 per cent HBr 
in glacial acetic acid by the method of Ben-Ishai (6), until evolution of 
CO 2 ceased Upon addition of ether, a gummy precipitate of the pep 
tide hydrobroimde formed After being washed with ether, the precipitate 
was dissolved in absolute ethanol and neutralized ivith concentrated am- 
moma to yield 1 6 gm of /3-alanyl-j3-2-thienyl-DL-alanme After recrys- 
taUization from ethanol-water, the meltmg point was 255-257° 

Ci„Hi 403N2S Calculated C 49 57, H 5 82, N 11 66 
Found “ 49 42, “ 5 94, " 11 45 

Resting Cell Experiments — For studies to determine the ability of E 
coll to hydrolyze the /3-alanyl peptides, the cells were grown overnight in 
300 ml of the salts-glucose medium (2) The cells were centrifug > 
washed successively with saline and phosphate buffer (pH 7), and then 
suspended m 10 ml of phosphate buffer of pH 7 1 ml of cell suspension, 

when combined with 1 ml of substrate solution, gave a final concentration 
of 2 25 mg of cells per ml The tubes were incubated at 37° wit oc 
casional shaking At intervals of 0, 60, 120, and 240 minutes, 30 



F W DUNN 


577 


pies of the incubation nnxtuie weie Avithdiawn and placed on Whatman 
filter papei foi pieparation of the chromatograms The samples were 
chromatogiaphed by the ascending techmque in 95 pei cent methanol, 
and typical results are shown in Fig 1 for the 2 hour incubation mixture 
The ammo acids and peptides weie detected by reaction with mnhydrm 


1 

1 

1 

o 

1 

1 

1 

1 

m 



Compoun( 

is added 

0 cell sus 

pension 

w 1 — 


TA Rf 53 
+ 

/»A 

Hist Rf 15 
+ 

,«A 

Car R^ 10 

/?APA F^57 

- — . 1 

oATA R| 36 

GTA R^ 33 

None 


Fia 1 Drawing of typical chromatograms showing the failure of /3-alanyl peptides 
to hydrolyze in the presence of resting cells of E coh 9723 Glycyl-/3-2-thienyl- 
alanine was partially hydrolyzed to form glycine {Bp 0 21) and ^-2-thienylalanine 
{Rp 0 53) Abbreviations PA, phenylalanine, TA, /3-2-thienylalanine, /3-A, /3-ala- 
nine, Hist, histidine. Car, carnosine, ^-APA, /3-alanylphenylalanine, |3-ATA, /3-ala- 
nyl-/3-2-thienylalanine, GTA, glycyl-/3-2-thienylalanine 


Peptides were added to give a concentration of 1 mg per ml , whereas the 
free ammo acids were added to give a concentration of 0 05 mg per ml 
Growth Studies — The testmg procedure, employmg E coh strain 9723, 
was identical with that previously reported (2) The compounds were 
added aseptically to previously sterihzed basal medium, and growth was 
determmed by turbidity measurement with an instrument sirmlar to that 
described by Wilhams et al (7) in which distilled water reads 0 and an 
opaque object reads 100 
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RESULTS AND DISCUSSION 

Table I shows that growth of E coli is completely inhibited with j3-2- 
thienylalamne at a level of 1 7 per 5 ml Reversal of the toxicity of j3-2- 
thienylalamne (3 7 pei 5 ml ) is accomphshed with phenylalamne (10 7 per 
5 ml ) However, even high levels of jS-alanylphenylalamne, carnosine, 
histidme, or jS-alamne were not utilized in reversmg the effect of j3-2- 
thienylalanme 


Table I 

Effect of Phenylalamne, P-Alanylphenylalamne, Histidine, P-Alanine, and Carnosine 
upon Toxicity of p-2-Thienylalanine 
Test organism, E coli 9723, incubated for 14 hours at 37° 


P 2 Thienylalanine 

Amount of supplement* 

Supplementst 

None 

PA 

PAPA 

Hist 

Car 


Galvanometer readings! 

7 per 5 ml 

wills per 5 ml 







0 


65 






0 3 


65 






1 


1 






3 

0 


4 


0 

0 

0 

3 

1 


15 





3 

3 


65 





3 

10 


64 




i 

3 

100 




1 

0 

0 

3 

300 



0 

0 

1 

0 

3 

1000 



1 

1 

1 



* 1 unit of PA and |3-APA contains the equivalent of 1 7 of DL-phenylalanme, and 
1 unit of Hist and Car contains the equivalent of 1 7 of L-histidine 

t Abbreviations PA, DL-phenylalanine, /3-APA, / 3 -alanyl-DL-phenylalanine, Hist, 
L-histidine, Car, L-carnosine, /3-A, j3-alanine 

t A measure of culture turbidity, distilled water reads 0 and an opaque object 
reads 100 

Table II shows that /3-alanyl-j5-2-thienylalamne causes appreciable 
inhibition of growth at a concentration of 10 umts per 5 ml , althoug 
complete inhibition with this peptide does not occur even at 100 umts per 
5 ml Phenylalamne and glycylphenylalamne were similar m reversing 
the toxicity of /?-alanyl-/3-2-thienylalamne non-competitively /?-Alany 
phenylalamne was utilized competitively over a wide range of concentra 
tion in the leversal of | 3 -alanyl-j 3 - 2 -thienylalamne, giving an inhibition 
index^ of about 30 Utihzation of carnosine appeared to be competi n e 

1 The inhibition index is the ratio of inhibitor (|3-alanyl-P-2-thienylalamne) 

substrate (j3-alanylphenylalanine or carnosine) required for a defined inlu 1 m 


















Table II 

Effect of Phenylalanine, P-Alanylphenylalamnc, Glycylphcnylalamne, Histidine, Cai- 
nosinc, and ^-Alanine upon Toxicity of P-Alanylff-2-thienylalanine 
Test organism, E colt 9723, incubated for 14 hours at 37° 


p ATA 

Amount of 
supplement* 

Supplements! 

None 

Hist 

PA 

GPA 

/3 APA 

1 

Car 

^ A} 

Hist + 
^At 

Galvanometer readings! 

uni/i ttr 5 ml 

uni/s per $ ml 









0 










3 










10 


25 








30 


17 








100 


17 








30 

0 


16 







30 

30 


16 







30 

100 


16 


1 





30 

300 


17 







0 

3 



64 

64 





10 

3 



30 

25 





30 

3 



25 

20 





100 

3 



23 

17 





0 

10 



64 

66 

68 




10 

10 





62 




30 

10 

i 



38 

41 




100 

10 



40 

39 

26 




300 

10 



40 

33 j 

20 




3,000 

10 



37 

34 





0 

30 



64 

67 

67 

65 

64 


30 

30 





58 

37 

16 


100 

30 



63 

55 

46 

23 

14 


300 

30 



61 

55 

34 

20 

10 

1 

1,000 

30 



62 

55 

19 




10,000 

30 



57 

55 





0 

100 





68 

67 

62 

63 

30 

100 






60 

14 

19 

100 

100 






35 

10 

17 

300 

100 





57 

21 


11 

1,000 

100 





28 

13 



3,000 

100 





19 




0 

300 





68 

67 

64 

63 

30 

300 







16 

22 

100 

300 






44 

14 

19 

300 

300 






30 


11 

1,000 

300 





46 

16 



3,000 

300 





37 


i 


10,000 

300 





13 




0 

1,000 






67 

1 


100 

1,000 




1 


58 



300 

1,000 






27 



1,000 

1,000 






17 

1 
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Table II — Continued 

* 1 unit of jS-ATA contains the equivalent of 1 7 of jS-2-thienjd-DL'alanine, 1 unit 
of /3-APA, GPA, and PA contains the equivalent of 1 7 of nn-phenylalanine, and 1 
unit of Gar and Hist contains the equivalent of 1 7 of n-histidine 

t Abbreviations GPA, glycyl-nn-phenylalanine , (3-ATA, j3-alanyl-)3-2-thienyl dl 
alanine, PA, Dii-phen 3 dalanine, Hist, n-histidine, Car, n-carnosine, /3-A, (3-alamne 
t Separate experiments 

§ A measure of culture turbidity, distilled nater reads 0 and an opaque object 
reads 100 


at lower concentiations of j3-alanyl-/?-2-thienylalamne, but, as the concen- 
tration increased, the inhibition index changed from a value of about 3 to 
a value of 1 Neither free /9-alamne, histidine, nor an equimolar mixturle 
of /3-alamne and histidine showed any reveisal of the toxicity of /3-alany- 
(8-2-thienylalanine 

Failure of /3-alanylphenylalamne to reveise the toxicity of thienyl- 
alamne is in contrast to the behavior of other peptides of phenylalanine 
such as glycylphenylalanine, leucylphenylalamne, and alanylphenylalaiiine, 
which revel sed thienylalanine non-competitively (2) It can be seen 
from Table I that as little as 1 7 of phenylalanine stimulates some growth 
in the presence of 3 7 of thienylalanine Since 1000 umts of ^-alanyl- 
phenylalamne did not stimulate any growth in the presence of 3 7 of 
thienylalamne, it appears that the proteolytic enzymes of E coh, under 
the testing conditions, do not hydrolyze the j8-alanylpeptide to any signifi- 
cant amount 

Resting cell experiments were conducted to determine the abihty of 
non-growmg E coh to hydrolyze (5-alanyl peptides as compared with a 
glycyl peptide Fig 1 consists of a drawing of a typical chromatogram 
showmg the failure of E coh to spht the /3-alanyl peptides After an 
incubation period of 2 hours there was no detectable spot for phenyl- 
alamne, /3-2-thienylalamne, histidine, or j8-alamne from the correspondmg 
/3-alanyl peptides, in contrast, there were defimte /3-2-tluenylalamne and 
glycine spots after only 1 hour from the start of the hydrolysis of glycyl' 
/3-2-thienylalamne Aiter 4 hours there appeared a faint j8-alanine spot 
from carnosme, but there was still no evidence of phenylalanine 01 /?-2- 
thienylalamne from the /3-alanyl peptides It seems obvious that the 
/3-alanyl peptides, if hydrolyzed at all by E coh, are hydiolyzed at a much 


slower rate than the glycyl peptides 

Smce histidme and /3-alamne, separately or in mixtuie, are not as effec- 
tive as |8-alanylhistidme m nulhfying the toxicity of /3-alanyl-/3-2-tbieny 
alanme, and since /S-alanylphenylalamne reverses /3-alanyl-^-2-tbieny 
alanme, it appears that the competitive relationships observed represen 
reactions of the peptides as such rather than the constituent ammo aci s 
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Such a behavioi is lu keeping with pievious obseivations that peptides 
seem to have a metabolic function independent of prioi conversion to the 
flee anuiio acids (2, 8-10) 


The authoi wishes to acknowledge the excellent assistance of Mrs 
Nanc}’’ Sloan and Mi Jack Davis in the chemical phase of this work and 
hliss Saia Spikes in the rmciobiological assay studies 


SUMMARV;^ 

Piepaiation is desciibed foi /3-alanyl-jS-2-thienyl-DL-alamne and a num- 
ber of iiitei mediates employed in its synthesis Giowth studies employing 
Eschenchia coh strain 9723 showed that this peptide was less toxic than 
j8-2-thien5dalamne, and that the toxicity was reversed non-competitively 
b}’’ phenylalanine and glycylphenylalamne The toxicity of /3-alanyl-/3-2- 
tluenylalaiune was leveised m a fairly competitive way by the structurally 
sinulai cainosine and /3-alanylphenylalamne Histidine, |8-alamne, carno- 
sme, and /3-alanylphenylalanine failed to nullify the toxicity of /3-2-thienyl- 
alanme, histidine, /?-alamne, and an equimolar mixture of histidine and 
jS-alamne failed to nullify the toxicity of /3-alanyl-j8-2-thienylalamne The 
lesults suggest that the peptides of /3-alamne are utihzed in some manner 
without prior conversion to the constituent amino acids 
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ISOLATION OF STEROIDS FROM A FEMINIZING 
ADRENAL CARCINOAIA* 

Bi HILTON A SALHANICKt and DAVID L BERLINER 

(From the Department of Obstetrics and Gynecology, University of Utah 
College of Medicine, Sail Lake City, Utah) 

(Received for publication, October 24, 1956) 

The feminizing tumoi of the adrenal gland occurs rarely m the male and 
IS chaiacterized chmcally by gynecomastia, impotence, atrophy of the 
testes, and an increased excretion of estiogemc substances In a recent 
review of the hteiature, WaUach et al (1) found that only twenty-two 
cases had been leported From the urme of several of these, a number of 
substances related to dehydroepiandrosterone were isolated, but until the 
recent work of Landau et al (2), and Diczfalusy and Luft (3), the estrogemc 
steroids had not been identified These workers found increased quantities 
of estradiol, estrone, and estriol, as well as pregnanediol, m the urine of 
their subjects 

While the urinary steroids might be assumed to leflect the secretion of 
the adrenal tumoi, the degradative action of the hver and other tissues 
must be considered The tissue analysis, therefore, was undertaken to 
study directly the precursors of the urinary products This investigation 
resulted m the isolation of several steroids new to the human and con- 
tributed a possible method of the diagnosis of this tumor 

Materials and Methods 

Tumor — The tumor weighmg 920 gm was removed from the area of 
the left adrenal of a 22 year-old male patient of the Salt Lake City Veterans 
Hospital A detailed discussion of climcal and other laboratory findings 
IS pubhshed by WaUach et al (1) Pathological examination by Dr 
Oscar Rambo, Salt Lake City Veterans Hospital, and confirmed by the 
Umted States Armed Foices Institute of Pathology, levealed an adrenal 
carcinoma of the estrogen-secreting type, characteiized by anaplasia, 
capsular vein invasion, and cords of cells stnkmgly “similar to those seen 
in granulosa cell tumors of the ovary ” 

Laboratory Methods — AU solvents were purified by standard procedures 

* This investigation was supported by a research grant, No 0-3843(0), from the 
National Institute of Arthritis and Metabolic Diseases of the National Institutes of 
Health, Public Health Service 

t Present address. Department of Obstetrics and Oynecology, University of Ne- 
braska College of Medicine, Omaha 5, Nebraska 
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(4) and by distillation prior to use All evaporations involving more 
than 10 ml were carried out in vacuo When quantities less than 10 ml 
were to be evaporated, the solvent was blown off by a fine jet of nitrogen 
Acetylation was carried out in pyridine and acetic anhydride (1 3) at 
loom temperature The Zimmermann reaction for the estimation of 
17-ketosteroids was the routine chnical procedure in which m-dmitro- 
benzene m 2 5 N KOH in ethanol was employed 
Exirachon of Tumor — The portion of the tumor which was extracted 
chemically weighed 523 gm The frozen tissue was homogemzed in a 
Waring blendor and extracted three times with a total of 4 hters of acetone 
at 50° Two fractions were obtamed the aqueous acetone fraction which 


Table I 


Chromatography of Acetone Extract on Silica Gel 


Fraction 

No 

Solvent 

1 

Volume 

Weight of 
material 

Comment 

1 

Hexane 

ml 

100 

mg 

Discarded 

2 

Hexane-benzene, 3 1 ' 

100 ' 

1 

t( 

3 

“ 1 1 

100 


tt 

4 

Benzene 

100 


Progesterone 

5 

Benzene-CHClj, 3 1 

100 


Nothing isolated 

6 

“ 1 1 

j 100 


; (( tt 

7 

CHCl, 

200 


Estrogens, other steroids 

8 

CHCb-CHsOH, 1 1 

200 

! 1 

Nothing isolated 

9 

CHsOH 

250 

1 

U (C 


was evaporated in vacuo and the protem residue which was hydrolyzed 
with 1 hter of 5 per cent NaOH for 2 days at room temperature 

Acetone Fraction — The aqueous residue from the acetone fraction was 
extracted quantitatively with chloroform After the chloroform was 
removed in vacuo, the fatty residue was partitioned between hexane, 
which was discarded, and 75 per cent methanol, which was concentrated 
in vacuo The aqueous residue from the methanol was extracted with 
chloroform and dned for column chromatography The final weight of 
the yellow oil was 670 mg 

Column Chromatography — The silica gel (100 to 130 mesh) was washed 
extensively with acetone and ether and activated by heatmg overnight 
at 100° A column 2 X 12 cm in dimension was prepared with 17 g^ 
of sihca gel m a hexane slurry The oil was placed at the surface y 
dissolvmg it m a small amount of chloroform-hexane solution, ^ 

flask was rmsed many tunes with subsequent eluent solutions 
details of the solvent system and residues are shown m Table I j 
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the benzene fraction (Fraction 4) and the chloroform fraction (Fraction 7) 
yielded identifiable steroids 

Rcextrachon of Tumor Residue after Alkali Hydrolysis — It is often diffi- 
cult to extract steroids from crude tissue, and whether this is a reflection 
of “protein binding” or inadequate mechanical procedures is diflScult to 
demonstrate However, it is known that alkah digestion renders the ma- 
terial readily extractable vuth ether (5) It is often not desirable for a 
first step because of the degradative action of the alkah on the steroids 
Progesterone and many estrogenic compounds, however, are stable to 
alkah, and for this reason the protein residue was hydrolyzed m 1 hter of 
5 per cent NaOH for 48 hours at room temperature, extracted with ether 
at pH 10, and again extracted after acidification to pH 3 The dried resi- 
dues of the individual extractions were not large, therefore, they were 
pooled, dissolved in ethyl acetate, and washed with saturated Na 2 C 03 at 
pH 9 according to the method of Brown (6) The extract was further 
purified by partition between hexane and 75 per cent methanol The 
final pale yellow oil weighed 260 mg 

Paper Chromatography — Isolation of the individual steroids was ac- 
comphshed by paper chromatography by the methods of Zaffarom (7) 
Preliminary chromatography m the heptane-formamide system resolved 
the oil from the alkah digest into two gross components which were visible 
under an ultraviolet hght scanner The area at the origm was the source 
of the more polar steroids, and the area near the front yielded progesterone 

Criteria for Identification — The criteria for satisfactory identification of 
steroid structure are subject to controversy and are discussed m detail 
elsewhere (8) An jBf by itself carries httle weight regardless of the num- 
ber of times the chromatogram has been run A smgle maximum in the 
ultraviolet absorption spectrum may often verify the presence of a group- 
ing, but, when several peaks are obtamed, the evidence for total structure 
IS better It is even more rehable if it can be shown that the coefficients 
of absorption of the vanous maxima agree with the corresponding 

values of the authentic compound In our expenence, the sulfunc acid 
spectrum (9) is extremely rehable if several maxima are obtamed, and the 
extmction coefficients of the maxima (F^ax) are compared with those of 
the known compound The infrared spectrum has umque value, but re- 
quires punty and quantities greater than were available from these ex- 
tracts In most cases we have attempted to make at least one denvative 
and preferably two 


Results 

Progesterone — Progesterone was isolated and characterized both from 
the acetone extract and from the alkah digest Fraction 4 from the sihca 
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gel column was chromatographed on paper m the hexane-formamide sys- 
tem as was the progesterone area of the paper chromatogiam of the pro- 
tem digest residue Both gave Rf values identical to those of a simul- 
taneously run control on three separate occasions By spectrophotometric 




Fig 1 Ultraviolet spectra of the isolated phenolic steroids and authentic com 
panson substances in methanol 

Fig 2 Chromogen spectra of isolated phenolic steroids and authentic compari 
son substances in sulfuric acid 


analysis both had maxima at 240 m/i, and the yields were 75 7 froni t e 
acetone extract and 400 7 from the hydrolysate They were combine , 
and final identification was established by spectrophotometiic analysis m 
fuming sulfuric acid and by infrared analysis In both procedures le 
spectra were compatible with those of authentic progesterone 

Eqmlenin — Fraction 7 from the sihca gel column (Table I) and t e on 
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gin of the paper chromatogram of the alkahne extract were chromato- 
graphed m the benzene-formamide system for 20 hours The mobility of 
tins compound was identical to that of authentic equilemn Spectroscopic 
absorption nas maximal at 235, 280, and 340 m/i (Fig 1, A) Both the 
absorption maxima and the ratios of the extinction coefficients at 

the maxima were equivalent to those of authentic equilenm The test 
for the 3,5-unsubstituted hydroxyphenol group with Millon’s reagent was 
positive (10) The Zimmermann reaction for the 17-ketone was positive, 
and the Zaffaioni chromogen (9) (Fig 2, A) gave maxima at 230, 300, 320, 
400, and 472 mu, identical both in maxima and with those of authentic 
equilenm In concentrated sulfuric acid a green fluorescence was ob- 
served under long wave ultraviolet light sirmlar to that obtained with au- 


Tablb II 

Substances Isolated from 623 Gm of Feminizing Adrenal Carcinoma 


1 

Products isolated 

Acetone extract of tumor 

Extract after hydrolysis 
with NaOH 


y 

y 

Progesterone 

75 

400 

Equilenm 

27 

300 

AAE-I-Bl 

44 

345 

AAE-I-Al 

23 

109 

AAE-I-A2 


93 

AAE-I-Cl 


36 

AAE-I-C2 


339 

AAE-I-D 1 


50 


thentic equilenm From these data it was inferred that the compound was 
eqmlemn (Fig 1, A) The total amoimt isolated was 327 j 
Corn-pound AAE-I-Bl {Structure Not Identified ) — Isolated from both 
acetone and alkahne extracts, this compound was slightly more polar than 
equilenm and at first appeared to be sumlar to 6-dehydroestradiol It 
was overrun for 6 hours in benzene-formamide and traveled 9 5 cm identi- 
cally with authentic 6-dehydroestradiol The Millon test was positive 
An acetate was formed, and this derivative had an Up of 0 15, ivhereas the 
acetate of 6-dehydroestiadiol did not move from the origin m this amount 
of tune The absoiption maxima m methanol weie seen at 220, 255, and 
310 mju as compared to those of 6-dehydroestiadiol which occurred at 
225, 260, and 305 m^ (Fig 1, B) The latios at those wave lengths 
weie not comparable The sulfuiic acid chromogen yielded a shaip ab- 
sorption maximum at 300 and a shoulder at 355 nip (Fig 2, B) This 
confiimed the difference from 6-dehydroestradiol which gave sharp peaks 
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at 295, 370, 430, and 460 mu (Fig 2, B) (The precariousness of deduc- 
ing structure by ultraviolet absorption and R? is reemphasized by the 
study of this compound ) Temporarily we postulate from Woodward’s 
rule (11) an additional conjugated double bond either endocychc or exo- 
cychc to the B rmg, but we cannot define the remainder of the structure 
The total amount isolated was 389 j 

Other Substances — No substance isolated leacted positively with tri- 
phenyltetrazohum chloride Consequently, there was no evidence for the 
presence of the a-ketol side cham characteristic of the normal adrenal hor- 
mones A search for the expected phenohc estrogens failed to reveal the 
presence of estradiol, estrone, oi estriol Other substances which were 
found but not identified are presented in Tables II and III m order of 


Table III 

Substances Isolated but Not Identified 


Compounds 

Millon test 

Zimmermann 

reaction 

i 

Ultraviolet (MeOH) 
maximum 

Chromogen (HiSOi) 
maximum 


1 


mil 

mM 

AAE-I-Bl 

+ ' 


220, 255, 310 

300, 355 

AAE-I-Al 

+ 

+ 

242, 260, 295 

240, 265, 330 

AAE-I-A2 

— 1 


240, 300-325* 

385 

AAE-I-Cl 

— 


240 


AAE-I-C2 

_ 

— 

240 

280, 370, 436 

AAE-I-D 

— 


240 



* Plateau 


decreasmg polarity Thus, AAE-I-Al and AAE-I-A2 were shghtly less 
polar than estriol and presumably were phenohc substances Substance 
AAE-I-D was shghtly less polar than testosterone, but more polar than 
4-androstene-3 , 17-dione 


DISCUSSION 

The previously pubhshed advantages of hydrolysis with sodium hy- 
droxide prior to the extraction of steroids aie reaffiimed m this woik (5) 
While it would be difficult to postulate the cohesiveness of the steroid-pro- 
tem “bmdmg,” certainly, the hydrolysis of the protem rendeied the ster- 
oid more extractable Thus, the alkaline digestion of the acetone residue 
yielded 5 to 10 times more of each of the steroids than was obtamed by 
acetone extraction, even though the acetone mixture was heated to about 
50° (Table II) 

It is impossible to mterpret our results on the basis of other workers 
findin gs Only about 2 dozen cases of “femmizing tumors” have been 
reported, and there is so much vanation chmcaUy, pathologically, and m 
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the uiinar^'- steroid aualj'-ses that comparison is not profitable However, 
to our knowledge, tins is the only femimzing tumor tissue from which 
steioids have been chaiacterized and the only isolation of equilenm from a 
human source (12) 

Equileiun was not the only unusual phenolic substance isolated, for 
analysis of compound AAE-I-Bl would certauily indicate a substance with 
a phenohc A ring and additional conjugated unsaturation It could not 
be determined whether this unsatuiation were endocychc m the B rmg or 
exocychc, but the Rp would tend to support the former concept This 
substance was neither 6-dehydroestradiol nor dihydroequilemn The im- 
phcation of finding equilemn and this substance in the human is that they 
are at least quantitative!}'’ umque to this mahgnancy and reflect either an 
aberrant aromatizing enz 3 une system or an overly active one On the 
other hand, at least thiee different groups have found one or all three of 
the usual phenohc estrogens m the urine of their patients -with femimzing 
tumors (2, 3), and Mason and Kepler (13) found estrone in the urine of a 
patient mth adienocortical hyperplasia 

Progesterone was the substance isolated m greatest quantity from the 
tumoi The amount isolated was as much as was found in tenn placenta 
(1 mg pel kilo), but less than was found m sow ovaries (15 mg per kilo) 
(14) The normal ox adrenal, on the other hand, has been reported to 
contam 0 5 mg per kilo (15) Whether progesterone is present in the role 
of a piecursoi to the estrogens and other steroids (16-21) or whether the 
estrogens and progesteione aie synthesized fiom common or different 
precursors is a consideration beyond the scope of this report However, 
it IS of interest that one is raiely found without the other 

On a chmcal level, the isolation of progesterone is mterestmg because its 
presence m so many secretory tumors is reflected by increased levels of 
pregnane-3a,20a-diol m the urme Smce this tumor occurs most often 
m males (1), who normally have low urinary levels of pregnanediol, the 
presence of increased amounts of the latter substance should certamly 
arouse chmcal suspicion of endocrine mahgnancy Thus, to cite a few 
examples, Landau et al (2) found elevated levels of pregnanediol in the 
urine of their patient, and Twombly (22) emphasizes the excretion of preg- 
nanediol in cases of secretory ovarian tumors If progesterone is a pre- 
cursor to other steroids, its diagnostic role in cases of secretoiy tumors of the 
gonads and adrenals and their functional metastases deserves further m- 
vestigation 


SUJUIART 

Steroids weie extracted and identified from a femimzmg adrenal carci- 
noma Prelumnary hydrolysis of the tissue with sodium h 5 ’’droxide was 
found to be 5 to 10 times more effective than extraction 'with warm acetone 
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Progesterone and equilenin were isolated and identified, six other steroids 
were studied, but their structures could not be elucidated Theie is evi- 
dence, however, for the presence of phenolic groups and other conjugated 
unsaturation in the molecule 

It IS suggested that urmaiy study of piegnanediol and equilenin-hke 
steroids would be of diagnostic value in patients suspected to have secre- 
tory tumors of this type The significance of the findings m relation to 
endocrine tumors and their function is briefly discussed 

The authors wish to express their appreciation to Di Harold Broira and 
Dr Stanley WaUach for the tumor and chmcal information associated 
with this case, to Dr Oscar N Rambo for permission to quote his patho- 
logical report, to Dr George Fujimoto foi his cooperation with the infra- 
red analyses, and to Dr E G Hohnstrom for his support and mterest in 
this mvestigation 
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VI PARTIAL PURIFICATION AND CHARACTERIZATION OF THE 
RIBONUCLEASES OF RAT LIVER MITOCHONDRIA* 

By jay S ROTH 

With the Technical Assistance or Laura Inglis and Dorothy Bachmdrski 

{From the II tlhatn Goldman Isotope Laboratory, Division of Biological Chemistry, 
Hahnemann Medical College, Philadelphia, Pennsylvania) 

(Received for publication, December 17, 1956) 

The problem of the mechamsm of the synthesis of RNA^ is of impor- 
tance in obtaimng an undei standing of the fundamental chemistry in- 
volved m grovdh and cell division The recent demonstration by Grun- 
berg-Manago and cowoikeis (2, 3) that enzymes obtained from certain 
bacteiia aie able to synthesize and degrade RNA-hke compounds has 
given added impetus to the study of enzymes related to RNA metabolism 
One of these enzymes that has been intensively investigated is pancreatic 
RNase, and the properties, action, and structure of the crystalline enzyme 
aie moderately well known (4^6) There is considerable evidence that 
RNases which may diffei from pancreatic RNase exist m certain cells 
(7-10) In rat hvei, the presence of two RNases has been demonstrated 
(11, 12), the one active maximally at pH 7 8 to 8 0 (alkaline RNase) ap- 
pears to be similai to, or possibly identical with, crystalline pancreatic 
RNase, wheieas the second, active maximally at pH 5 8 to 6 0 (acid 
RNase), is quite different m its properties Since either, or both, of these 
enzymes may be normally involved m the synthesis or degradation of 
RNA in the mammalian cell, it is of considerable mteiest to isolate them 
and to study their pioperties, particularly in comparison to pancreatic 
RNase This lepoit describes a separation and partial purification of 
acid and alkahne RNases of lat liver nutochondria and some of the proper- 
ties of the purified pieparations 

Materials and Methods 

Preparation of Mitochondria — Wistai stiam rats weighing between 200 
and 350 gm weie used to provide the tissues After etherization, the 

* This research has been supported by grants from the Damon Runyon Memorial 
Fund, No DRG-320 A, the American Cancer Society, No BCH-45 A, and the Na- 
tional Institutes of Health, No C-2312(C2) A portion of this material was presented 
at the meeting of the Federated Societies for Experimental Biolog}^ at Atlantic City, 
New Jersey, April, 1956 For other papers in this series see Roth (1) 

' The abbreviations used are RNA, ribonucleic acid, RNase, ribonuclease, ABC 
buffer, acetate, borate, cacodylate buffer, CMB, p-cliloromercuribenzoate 
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ammals were exsanguinated and the livers removed and nnsed m ice-cold 
0 25 M sucrose solution Usually two livers were combined and homog- 
emzed m 9 volumes of 0 25 m sucrose solution mth use of a close fitting 
Ten Broeck homogemzer The total weight of hver used was generally 
between 10 and 14 gm Mitochondria were prepared from the homog- 
enate by standard techmques accordmg to the method of Hogeboom et al 
(13), as modified by Schneider and Hogeboom (14), washed once with 
0 25 M sucrose solution, and dramed by inversion of the centrifuge tubes 
The nutochondrial pellets were then made up to 100 ml m glass-distiUed 
water These operations and all subsequent ones were carried out below 

4° 

Enzyme Assays — These were carried out as previously described (15) 
with use of yeast RNA, umformly labeled with as substrate ^ Unless 
otherwise noted, the enzyme activities are expressed in terms of mg of 
acid-soluble phosphorus spht per mg of N per hour Nitrogen determina- 
tions were performed by the micro-K]eldahl method When ammomum 
suKate was hkely to interfere with N determmation, the protein concen- 
tration was estimated by the procedure of Warburg and Christian (17) 
and also by a modified biuret reaction Veronal-acetate buffers were 
prepared according to Michaehs (18), sodium chloride being omitted 
ABC buffer was prepared by the method of de Duve et al (19), sodium 
deoxycholate solution was prepared fresh each week Crystalline pan- 
creatic RNase was obtained from the Worthington Biochemical Corpo- 
ration, Freehold, New Jersey, and all concentrations of this enzyme were 
made up in 0 1 per cent gelatin solution 

Results 

Effect of Buffers on Enzyme Activity, Selection of Buffer System — Because 
of several reports of the considerable influence of various salts and buffers 
on the activity of pancreatic RNase (20-22), it was deemed advisable to 
compare the action of several common buffers on RNase preparations in 
order to select the one most smtable for studies on both allcahne and acid 
RNase Six different buffers were utilized and each was tested with 

2 It has been stated (16) that the assay method employed m this paper “involving 
measurement of the dialyzable liberated is heavily dependent upon absolute 
uniformity of labeled PNA preparations made available ” Actually, the roetho 
which measures the liberation of P^^ soluble in 1 n HCl in 76 per cent ethanol does no 
involve dialysis With a wide variety of labeled yeast preparations, differing m n 
extent of the labeling and slightly in chemical composition, it has been repeate y 
demonstrated that assay of the same enzyme preparation with different substra 
has resulted in values for activities differing by not more than the error of the me 
(±5 per cent) when conversion of radioactivities to mg of P split per hour per mg 
of N has been made as previously described (15) 
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liver homogenate, separated nutochondna, and crystalline pancreatic 
KNase The lesults aie depicted in Table I It is apparent that the 
choice of a buffer is extremely important, for a very large range of activity 
IS obtained, depending on the buffer utilized Edelhoch and Coleman 
(22) have shoivn that the activity of ciystalhne pancreatic RNase is greatly 
influenced by ionic stiength, and it is possible that some of the differences 
in Table I aie due to diffeiences in lomc strength of the buffers used 
With alkaline RNase, phosphate is strongly inhibitory in the case of 
homogenate and nutochondna With homogenate, the difference between 

Table I 

Effect of Buffers on Various Ribonuclease Preparations 
The values are the percentages of maximal activity obtained with each prepara- 
tion and are the average of three separate experiments 


Preparation 

m 

ABC 

Veronal- 

acetate 

Acetate ^ 

Tris* 

j Citrate 

Alkaline RNase buffer, pH 7 8, 

0 2m 




Rat liver homogenate 

22 5 

56 0 

100 

28 3 

71 7 


” “ mitochondria 

44 3 

46 0 

66 7 

60 1 

100 


Crystalline pancreatic RNase 

71 5 

60 9 

88 4 

65 7 

100 



Acid RNase buffer, pH 6 8, 0 1 m 


Rat liver homogenate 

100 

80 8 

85 9 

76 8 


52 7 

“ “ mitochondria 

95 7 

90 6 

100 

89 2 


69 5 

Crystalline pancreatic RNase 

53 0 

60 8 

45 9 

48 7 


100 


* Tris (hydroxymethyl)ammomethane 


acetate and Veronal-acetate is particularly striking, the latter giving maxi- 
mal activity and the former only 28 3 per cent of the maximum 

Although phosphate depresses, or gives poor activity with alkaline 
RNase, with acid RNase it gives the best response Comparison of the 
effects of the same buffers on acid and alkahne RNases demonstrates the 
difference m response of these two enzymes and suggests that they are 
dissimilar Citrate has a considerable activating effect on crystalhne 
pancreatic RNase at pH 5 8 (and particularly m the pH range of 6 3 to 
6 8)® but is somewhat inhibitory to acid RNase in nutochondna and ho- 
mogenate The results of these experiments led to the selection of Veronal- 
acetate as the buffer of choice With some exceptions, it gives the maxi- 
mal activity with the tested pieparations Moreover, it covers the entire 
range of pH values likely to be of interest, and is easily prepared 

’ J S Roth, unpublished results 
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Extraction and Purification of Acid and Alkaline RNases of Mitochon- 
dria — To 90 ml of sepal ated rmtochondna preparation in distilled water 
were added 14 ml of 1 per cent sodium deoxycholate solution The mix- 
ture was stirred and then centrifuged at 8700 X g (average) for 20 minutes 
in a Spinco model L ultracentrifuge Most of the imtochondrial protein, 
including the RNases, is extracted by this procedure After centrifuga- 
tion, a small residue of granular material, ovei lying a waxy peUet, remains 
The supernatant solution is slightly cloudy and straw-colored Nearly 
complete recovery of mitochondrial RNase activity is obtained ui this 
solution as may be seen by consideration of Table II 

The deoxycholate solution is next brought to 27 5 per cent saturation 
with ammomum sulfate by addition of sohd salt The mixture is stirred 
and then centrifuged at 8700 X g for 20 minutes, and the precipitate is 
discarded Ammomum sulfate is then added to 56 per cent saturation, 
and the resulting piecipitate, which contams most of the RNase activity, 
IS dissolved m a small quantity (usually 10 ml ) of ice-cold water Most 
of the precipitate dissolves, but a small residue of insoluble material re- 
mains This residue is removed by centrifugation at 60,000 X g for 20 
minutes The resulting solution is clear yellow to yellow-green in color 
It IS dialyzed against 1 liter of glass-distilled water m the cold for 24 hours 
with one change of water after 16 hours The dialysate is discarded A 
precipitate usually starts to form in the dialysis sac by the end of 10 hours 
At the conclusion of the dialysis, the material m the dialysis sac (14 to 15 
ml ) IS centrifuged at 60,000 X g for 20 mmutes The precipitate contams 
the alkahne RNase and is purified as described below The supernatant 
fimd which contains acid RNase, apparently quite free from alkahne 
RNase, may be used directly in studies of the properties of acid RNase 
or may be further purified as described below 

Purification of Alkaline RNase — ^The precipitate from the final centrif- 
ugation above is homogemzed in a small glass homogemzei vuth about 5 
ml of ice-cold 0 25 M sulfuiic acid and allowed to stand overmght in the 
refrigerator The resulting suspension is adjusted to pH 7 0 ivith NaOH 
and centrifuged at 60,000 X g for 20 minutes The supernatant fluid, 
which IS a hght straw color or colorless, is the final preparation of alkahne 
RNase 

Purification of Acid RNase — ^The supernatant solution prepared by 
centrifuging the material in the dialysis sac contains acid RNase and is 
referred to as acid RNase I It is adjusted to pH 4 5 and heated at 50 
for 5 minutes A considerable amount of protein is coagulated by this 
tieatment The precipitate is centiifuged and discaided, and the re- 
maimng solution is treated with solid ammonium sulfate to 55 per cent 
saturation The precipitate that forms is centrifuged at 60,000 X 9 
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20 minutes, diained, and then dissolved in a small quantity of ice-cold 
watei This final piepaiation is leferied to as acid RNase II The 
specific activities and lecoveiies of the purified RNases from mitochondiia 
aie given m Table II, fiom which it may be seen that the recovery of acid 
RNase is pool, amounting to only a small fi action of that originally pres- 
ent The puiification piocess is not too effective, and the final prepara- 
tions of acid RNase II geneially have from 3 to 5 times the specific activ- 
ity of the oiiginal mitochondiial preparation The acid RNase appears, 
howevei, to be i datively fiee fiom alkaline RNase'* as demonstrated by 

Table II 

Specific Activities and Recoveries of Purified Ribonucleases from 
Rat Liver Mitochondria 


Activitj'’ lu mg of acid-alcohol-soluble P split per mg of N per hour 


Fraction 

j Acid RNase 

Altalme RNase 

1 Specific 
! activity 

|n per ml 

Recovery 

1 Specific . 
activity 

1 

N perml 

Recovery 



m 

per cent 


mg 

per cent 

Homogenate 

0 035 

3 80 


0 019 

3 80 


Mitochondria 

0 193 

1 05 

100 

0 124 

1 05 

100 

Deoxycholate-treated mitochondria 

0 217 j 

0 82 

100 

0 140 

0 82 

97 3 

Supernatant from 27% (NH^sSOi 







pptn 

0 215 

0 75* 

90 2 

0 137 

0 75* 

87 3 

55% (NH^izSOi ppt 

0 175 1 

3 34* 

33 7 

0 190 

3 34* 

54 0 

0 25 M HjSOi-treated alkaline RNase 




21 0 

0 023 

24 8 

Acid RNase I 

0 206 

0 73* 

12 2 




“ “ II 

0 645 

0 10* 

52 





* Calculated from protein content determined by the biuret method Other N 
determinations are by the micro-Kjeldahl method 


subsequent experiments on the effects of heating and pH on enzyme activ- 
ity The recovery of alkaline RNase is considerably better, amounting 
to approximately 25 per cent of that originally present m the mitochondria, 
and the purification is more effective Very httle mtrogen lemains in the 
preparation of alkahne RNase and there does not appear to be any acid 
RNase activity present Early attempts to separate acid and alkahne 
RNases by means of ammomum sulfate precipitation were not successful 
In Table III ai e listed the results of an experiment m which the recoveries 
of acid and alkahne RNases were detei mined after precipitation from 

^ Part of the difficulty m estimating the efficiency of the separation lies in the fact 
that alkaline RNase retains considerable activitj-^ i\hen measured at pH 5 8 to G 0, 
whereas acid RNase likewise retains a portion of its activit} when assayed at pH 
7 8 (see Fig 1) 
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deoxycholate solution with various concentrations of ammonium sulfate 
Consideration of the data in Table III indicates that the two enzymes 
respond somewhat differently to precipitation with ammomum sulfate, 
but at none of the concentrations employed was the separation promising 

Table III 


Recovery of Ribonuclease Activity after Precipitation from Deoxycholate Solution by 

Ammonium Sulfate 


Per cent saturation with (NHi) SO* 

Per cent recovery of original activity 

Acid RNase 

Alkahne RNase 

25 

2 5 

12 9 

35 

15 5 

31 4 

45 

58 5 

75 0 

55 

108 0 

99 0 

65 

127 0 

94 0 



Fig 1 The effect of pH on the activity of purified preparations of acid (A) an 
alkaline (B) RNase of rat liver mitochondria Veronal-acetate buffer For evpen 
mental details consult the te\t 

It is possible, nevertheless, that salt precipitation undei different pH con- 
ditions might be effective , 

Effect of pH on Activities of Purified RNases — Aliquots of ® 
acid and alkaline RNases weie assayed with use of Veronal-acetate bu er 
at pH values langing from 4 2 to 8 4 Fig 1 illustiates the results c 
a typical experiment Exarmnation of the pH-actmty cuives ^ 
that the preparations of the enz 3 nnes are lelatively fiee from the o ^ 
RNase The curve for alkahne RNase (Fig 1, B) shows no evidence a 
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all foi the piesence of the acid enz 3 rEQe In the curve foi acid RNase 
(Fig 1, A) the small hump at pH 7 6 suggests that there may be some 
alkaline RNase pieseut, but from the lelative size of this hump, in com- 
paiison to that of the acid RNase peak, the amount of the alkaline RNase 
present is certainly no moie than 5 pei cent of the total activity The 
curves in Fig 1 aie of additional inteiest m that they allow an estimate 
to be made of the RNase actmty of the acid and alkahne enzymes at the 
optimum pH of the othei * Thus acid RNase at pH 7 8 retains about 30 
pel cent of its mavimal actmty measured at pH 6 0, whereas, at pH 5 8, 
alkahne RNase still exhibits about 50 per cent of its maximal activity 



Fig 2 The heat stability of purified acid (A) and alkaline (B) RNase of rat liver 
mitochondria Preparations heated at pH 5 (•) or 7 0 (O) for 5 minutes For 
experimental details consult the text 

measured at pH 7 6 The optimal pH of purified rat liver mitochondiial 
alkahne RNase appears to be slightly lower than that of crystalhne pan- 
el eatic RNase, and the activity of the former enzyme is greater than that 
of the lattei when measured at pH 5 8 Whether these differences indicate 
a sigmficant difference between rat hvei alkahne RNase and crystalline 
pancreatic RNase cannot be assessed at the present time 
Heat Stability of Acid and Alkaline RNase — Purified preparations of 
acid and alkahne RNases were divided into two portions which were 
adjusted to pH 7 0 and 5 0, respectively, by the addition of small quanti- 
ties of NaOH and HCl Aliquots of the resulting solutions were heated 
for 5 minutes at vaiious tempeiatures and then cooled in ice The heated 
enz 3 'mes weie then assaj’^ed by standaid piocedures and compared to an 
unheated contiol sample kept in ice The results of a typical experiment 
are shown in Fig 2 The marked difference m heat stability of the two 
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enzymes is appaient No detectable change was observed in the activity 
of alkaline RNase heated at pH 5 0, but there was a slight decline in ac- 
tivity when the enzyme was heated at pH 7 0 This behavior is similar 
to that of crystalhne pancreatic RNase (23) Acid RNase, when heated 
at pH 5 0, was much more stable than when heated at pH 7 0 In both 
cases, however, activity was completely destroyed by heating for 5 minutes 
at 70° The curves in Fig 2 offer further evidence for the purity of the 
preparations If alkaline RNase contained any significant amount of 
acid RNase, then heating at pH 5 0 and 70° should lead to a decrease in 
enzyme activity due to destruction of acid RNase Similarly, if acid 
RNase contained sigmficant amounts of alkaline RNase, then heating at 
pH 5 0 and 70° should leave a residue of activity due to stable alkahne 
RNase The fact that neither of these effects was observed may be inter- 
preted as indicating that each preparation is relatively free of the other 


enzyme 

Action of 0 25 M Sulfuric Acid on RNases and Cell Fractions — ^The 
Kumtz preparation of crystalhne pancreatic RNase makes use of the 
extraction of tissue with ice-cold 0 25 n sulfuric acid for 24 hours or longer 
(24) Pirotte and Desreux (25) treated guinea pig liver homogenates 
with sulfuric acid and compaied the activity of the fractions obtained 
subsequently with untreated fractions prepared m 0 88 m sucrose solution 


In all cases, the untreated fraction (nuclei, imtochondna, microsomes, 
and supernatant) had only 5 to 14 per cent of the activity of the treated 
fraction On the othei hand, Rabmovitch (26) found no change in the 
activity of a pancreas homogenate treated vuth 0 15 n sulfuric acid It 
appears that no careful study has been made of the effect of acid on acid 


and alkahne RNase activity of cell fractions or of purified RNase prepa- 
lations Since acid is used in the preparation of crystalline pancreatic 
RNase and in the purification proceduie for alkaline RNase in this report, 
its effect on the RNase activity of various cell constituents is of interest 
A 1 10 rat liver homogenate in 0 25 m sucrose solution was prepared, 
and nuclear, mitochondrial, imciosomal, and supernatant fractions were 
isolated The nuclear fraction consisted simply of the material separate 
by centrifugation of the original homogenate at 650 X g for 10 minutes, 
and undoubtedly contained some partially broken cells, as well as contam 
mating material from the other fractions Aliquots of the various frac 
tions were treated with 0 25 m sulfuric acid for 16 to 18 hours at^O 
the end of this time the acid was neutialized ivith NaOH to pH 7 0, an 
the lesulting suspensions weie centiifuged at 10,000 X Q foi 20 nim 
utes The clear supernatant solutions were assayed foi acid and a a ni 
RNase activity Two sets of controls consisted of identical a 
treated ivith water oi an eqmvalent quantity of sodium sulfate 
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solutions Moie made up to the same volume m preparation and analyzed 
foi nitiogen content Since theie was little diffeience between the watei- 
tieated oi sodium suhate-tieated fi actions, lesults vnth the foimer have 
been oimtted A tj^ncal experiment is illustiated by the data in Tables 
and Y In Table aie listed the total activities of the fractions, 
obtained by multipljnng the activity pei ml by the volume of each frac- 
tion The following points aie notewoithy Acid tieatment increases 
total alkaline RNase activit}'’ appioximately 10-fold The largest part 
of this increase aiises fioni acid tieatment of the supernatant fraction It 

Table IV 

Rtbonncleasc Activities of Rat Liver Fractions Treated with 
0 25 H-^SOk or 0 25 m NaiSO\ 


Total activity in mg of acid-alcohol -soluble P split per hour 


Fraction 

Alkaline RNase* 

Acid RNaset 

NaiSOi 

treated 

HSO4 

treated 

NaiSOi 

treated 

H2SO4 

treated 

Homogenate t 

16 7 

214 3 

89 0 

153 7 

Mitochondria 


77 4 

84 4 

61 9 

Microsomes 


49 4 

14 2 

23 5 

Supernatant 


89 7 

18 4 

52 8 

Nuclei 

6 0 

49 1 

20 4 

35 8 

Total 

88 4 

265 6 

137 4 

174 0 


* Assayed at pH 7 8 
t Assayed at pH 5 9 
t Prepared from 5 35 gm of rat liver 


has been demonstrated (1) that large quantities of alkaline RNase are 
present in inactive form, possibly bound to a RNase inhibitor in this 
fraction 0 25 m sulfunc acid destroys the inhibitor and releases the RNase 
actmty There is evidence, also, that nuclei may contain some inactive 
form of RNase as the inciease in actmty of the nuclear fraction is consid- 
erable The alkaline RNase activities of mitochondria and microsomes 
are increased to a lesser, but sigmficant, degree The sum of the separate 
actinties of the water- oi sodium sulfate-treated fractions is considerably 
greater than the actmtj’' of the homogenate due to removal of inhibitor 
influence 

Treatment of homogenate with 0 25 m sulfuiic acid mci eases acid RNase 
actmty about 50 pei cent Acid treatment causes a loss in acid RNase 
actmty of mitochondria but this is more than compensated for by in- 
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creases in the activities of the microsomal, nuclear, and supernatant frac- 
tions The observed mcrease is probably not dependent on release of 
bound or inactive acid RNase in any fraction, but more bkely is com- 
pounded from several effects First, the large mcrease m alkabne RNase 
activity described above would affect acid RNase measurements smce 
the alkabne enzyme still exhibits about 50 per cent of its activity at pH 
5 8 to 6 0 Second, although RNase inhibitor is most effective in the pH 
range 6 8 to 8 0, it inhibits acid RNase to the extent of 30 to 40 per cent 
at pH 6 0 and its destruction by acid would result in a relative mcrease 
m acid RNase activity Both of these effects would be partly offset, of 


TABIiE V 


Specific Rihonuclease Activities of Rat Liver Fractions Treated 
with 0 25 u HtSOt or NoiSOt 

Specific activities in mg of acid-alcohol-soluble P split per mg of N per hour 


Fraction 

N content 

Specific activity 

NazSO* 

treated 

H 1 SO 4 

treated 

Alkaline RNase* 

Acid RNaset 

NarSOi 

treated 

HjSO.- 

treated 

NaiSO* 

treated 

HiSOi 

treated 


mg per ml 

mg per ml 





Homogenatef 

3 07 

0 38 

0 01 

1 08 

0 06 

0 78 

Nuclei 

1 41 

0 18 

0 03 

1 09 

0 06 

0 80 

Mitochondria 

1 63 

0 17 

0 12 

1 83 

0 21 

1 47 

Microsomes 

0 70 

0 07 

0 13 

2 83 

0 08 

1 34 

Supernatant 

1 14 

0 26 

0 02 

0 82 

0 04 

0 48 


* Assayed at pH 7 8 
t Assayed at pH 5 9 
t Prepared from 5 35 gm of rat liver 


course, by the destructive effect of sulfuric acid on acid RNase, since 
studies reported below with purified acid RNase indicate that at least 50 
per cent of it is destroyed by the acid treatment 

In Table V are presented the specific activities and mtrogen contents 
of the various fractions The specific activities of the fractions are great y 
increased, in every instance, by acid treatment which, in addition to re 
leasing, m some cases, additional RNase activity, also denatures and pre 
cipitates a large percentage of the protein of the fraction Thus, 
one-step procedure results in an increase of 50 to 100 times in the speci 
activity of alkaline RNase of homogenate 

Effect of 0 25 M H^SOi on Punfied Acid RNase and Crystalhne Pancreatc 
RNase — ^Treatment of a purified preparation of acid RNase (acid 
with 0 25 M sulfuric acid results in a decrease m acid RNase activity an 
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a conesponding mciease in alkaline RNase activity In a typical experi- 
ment, illustiated in Table VI, acid RNase and crystalline pancreatic RNase 
(0 05 mg per ml ) weie tieated mth 0 25 m sulfuric acid in the cold for 
18 hours Conti ols were tieated with equivalent amounts of sodium 
sulfate After neutralization to pH 7 0, the solutions were assayed at 
pH 5 9 and 7 8 Apioximately 50 per cent of the activity in the acid 
RNase piepaiation was destioyed However, smce alkahne RNase activ- 
ity increased coiiespondmgly in this preparation, this loss in acid RNase 
activity piobably represents more than a 50 per cent destiuction of the 
latter enzyme, inasmuch as a part, if not aU, of the re mainin g activity 
at pH 5 9 may be attiibuted to alkahne RNase No sigmficant change 
was noted m the activity of acid-treated crystalline pancreatic RNase at 

Table VI 

Effect of 0 35 it H^SOt and 0 36 m NoiSOi on Purified Acid 
Ribonuclease and Crystalline Pancreatic Ribonuclease 


Relative activity in counts per minute 


Substance 

NaiSOj treated 

HjS 04 treated 

Assayed at 
pHS8 

Assayed at 
pH 7 8 

Assayed at 
pH 5 8 

Assayed at 
pH 7 8 

Acid RNase I 

1179 

385 

651 

1056 

“ “Id- CMB* 1 

1434 

1104 


975 

Crystalline pancreatic RNase 

596 

4441 

550 

4175 


* 4 X 10“^ M p-chloromercuribenzoic acid 


either pH The observed increase in alkaline RNase activity could be 
explained in any of several ways Sulfuric acid may effect a conversion 
of acid to alkahne RNase or there may be an inactive form of alkahne 
RNase present which is activated by acid Further information on this 
question was obtained by treatment of the acid RNase preparation with 
4 X 10~^ M CMB Whien this was done there was an increase in alkahne 
RNase activity similar to that observed on sulfuric acid treatment How- 
ever, the activity of acid RNase was not affected (The increase noted 
m Table VI may be accounted for by the increase m alkahne RNase activ- 
ity ) These data suggest that the second possibility mentioned above 
may be the correct one, smce CMB has been shown to release RNase 
activity from the supernatant fraction of rat hver (1) Unlike the super- 
natant fraction, however, the acid RNase preparation had no inhibitory 
activity on crystalhne pancreatic RNase It is of mteiest to note that 
Schneider and Hogeboom (27) reported a 50 per cent mcrease m RNase 
activity (measured at pH 5 0) of sonically disrupted mitochondria De 
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Duve and coworkers (28) also studied the distribution and properties of 
RNase in cell fractions and found that the activity of acid RNase, which 
was located primarily in their heavy and hght mitochondrial fraction, 
could be increased by repeated fieezmg and thawing, exposuie to Triton 
X-100, or water, and incubation at 37° In view of the finding in this 
report of latent RNase activity in a preparation obtained from mitochon- 
dria, the two studies are not in conflict One question that remams to be 
answered is, does this latent or inactive RNase actually occur as an integral 
part of the rmtochondrion or does it merely represent inactive RNase 
which has been absorbed onto the particulate from the supernatant frac- 
tion? Further experiments are necessary to answer this question 


DISCUSSION 


The propel ties and distribution of the RNase system in the rat liver 
cell appear to be quite comphcated, and at this time cannot be related to 
the physiological distribution of RNA The presence of RNase m the cell 
nucleus remains in doubt There is probably no acid RNase in this struc- 
ture m lat liver (11, 27), but there is evidence for the occurrence of a small 
quantity of alkaline RNase The possibility that an additional amount 
of inactive RNase occurs in the nucleus has been mentioned m this paper 
and also by others (25). 

The mitochondria, although contaimng only a small fraction of the RNA 
of the cell, contam a large portion of the RNase activity This activity 
IS distributed between two enzymes differing markedly from one another 
There may also be some latent RNase activity in mitochondria 

Microsomes exhibit consideiable RNase activity but they may not 
inherently contain these enzymes to any great extent vri vivo, since it has 
been shown that the small particulate fractions of the cell are capable of 
binding considerable quantities of RNase (27), probably by means of the 
ribonucleoprotem 

The soluble portion of the cell contains httle RNase activity, but does 
contain a large amount of alkahne RNase m an inactive form, which may 
be released by treatment with strong acid or some sulfhydryl reagents 
(1) This inactive RNase in the supernatant fraction may be bound to a 
protein inhibitor which is not saturated with the enzyme, for it can inacti 


vate added crystalhne pancreatic RNase 

The presence of an RNase mlubitor in the supernatant fraction appears 
to be logical and necessary to prevent extensive degiadation of ribonuc e 
protein by the RNase of the mitochondria and possibly the microsomes^ 
The RNase picture is further comphcated by the existence of 
enzymes in different tissues of the same ammal Thus, Kaplan and 
pel (29) have isolated an enzyme from calf spleen which resembles pau 
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cieatic RNase m most of its pioperties but has a pH optimum of 6 5 
Also, studies on the chromatogiaphic behavior of pancreatic RNase, as 
well as the paitial degiadation by specific proteases, indicate that theie 
ma}'’ be seveial different forms of the enzyme all possessing unchanged 
enzjmuc activity (30-32) 

In ordei to resolve some of the complicated questions, as yet httle under- 
stood, particulaily conceimng the function and interactions of the RNase 
system, additional investigations on the enzymes m particulate fi actions 
of liver and spleen are m progress Further studies on the chiomato- 
giapluc behanoi of acid and alkaline RNase of rat hvei mitochondiia, 
as well as then specificities and additional properties of the enzymes, will 
be lepoited latei 


SUMMARY 

1 Acid and alkaline ribonuclease (RNase) of rat hvei mitochondria 
have been sepaiated and partially purified by a process involving salt 
piecipitation from deoxycholate solution, followed by dialysis and treat- 
ment -with 0 25 M sulfuric acid 

2 Alkahne RNase resembles ciystalhne panel eatic RNase m its sta- 
bihty to heat and treatment with sulfuric acid, as well as m the effects of 
salts and buffers 

3 Acid RNase is heat-labile and unstable to treatment with 0 25 m 
sulfuric acid at 0° for 16 to 18 hours 

4 The effect of incubating rat hver homogenate and fractions with 
0 25 M sulfuric acid at 0° for 16 to 18 hours has been studied Large in- 
creases m the total and specific alkahne RNase activity of homogenate, 
as well as nuclear and supernatant fractions, were observed, and an explana- 
tion of these increases was discussed 

5 The action of 0 25 m sulfuric acid on purified preparations of acid 
and alkahne RNase was investigated 

6 The effect of various buffers on RNase activity has been reported 
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The expel iments repoited m this paper are concerned with the inhibitory 
action of oxygen at 1 atmosphere pressure on the carbohydrate metabo- 
hsm of heart muscle studied in vitro 

It has been observed by several investigators that oxygen at 1 atmosphere 
pressure may have a harmful effect on the metabohsm of mammahan 
tissue in vitro or on individual enz 3 rme systems (1-5) Dickens (6, 7) and 
Stadie and coworkers (8, 9) have studied systematically the effect of 
oxygen at elevated tension on tissue respiration and on the activity of 
various enzymes The conclusions arrived at by the two groups of m- 
vestigators were similar Many enz 3 nnes, paiticularly those dependent 
upon sulfhydryl groups for activity, are more or less easily mactivated by 
oxygen pressures of 1 atmosphere oi greater and many are completely 
resistant to the toxic action of oxygen The enzymes inactivated by oxy- 
gen in vitro usually reqmre 1 or more hours of exposure to 1 atmosphere 
of oxygen before inhibition becomes apparent Even at oxygen pressures 
as high as 8 atmospheres, tissue respiration in ntro is only slowly inhibited 
It has also been a general finding that enzymes in tissue extracts or homog- 
enates are more readily inactivated than the same enzymes when present 
m the intact cells of tissue shoes For these and other reasons, it has been 
difficult to relate the effects of oxygen observed in vitro to the severe symp- 
toms of oxygen poisoning produced withm 15 to 30 mmutes m animals 
exposed to 3 to 8 atmospheres of oxygen (5, 10, 11) The review by Dick- 
ens (5) contains an excellent critical evaluation of the work that has been 
carried out on the toxic action of oxygen on enzymes and tissue metabohsm 
From recent work on the mechamsm of oxygen poisomng in the intact 
ammal, it appears that there is a close smiilarity between the toxic effects 
of excess radiation and of oxygen at high piessure (12, 13) 

In the present work, the effect of 1 atmosphere of oxygen on the multi- 
enzyme systems mvolved in the oxidation of glucose and pyruvate has 
been studied Rat heart homogenates fortified vuth KCl and diphos- 

* This work was supported by a research grant (No H-1813) from the National 
Heart Institute of the National Institutes of Health 
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phopyridme nucleotide (DPN) were used Such homogenates have the 
abdity to catalyze at a rapid rate the complete oxidation of glucose and 
pyruvate to carbon dioxide and water (14, 16) It was found that, com- 
pared to controls m au , the rate of oxidation of both glucose and pyruvate 
was consistently depressed by 1 atmosphere of oxygen and that the m- 
hibitory effect of oxygen was profoimdly mfiuenced by metal ions in the 
reaction medium A study of this toxic action of oxygen and its modifica- 
tion by metal ions is presented in this paper 

Methods 

Enzyme System — Male albmo rats, weighing 150 to 200 gm , were used 
and fed ad libitum For each experiment an animal was killed by decapi- 
tation and the heart was placed in cold medium of the foUowmg composi- 
tion 0 040 M sodium phosphate, 0 095 m NaCl, pH 7 2 After being 
blotted on filter paper, the heart w^as cut into small pieces and ground by 
hand m a glass homogenizer m 3 ml of chilled medium of the same compo- 
sition The suspension was filtered through cheesecloth to remove gross 
particles An additional 5 ml of chiUed medium ivere added to the ho 
mogenate In later experiments, the heart was weighed before homoge- 
mzation and the total volume of medium added was 1 5 ml per 100 mg 
of wet weight In these later experiments, we also substituted KCl for 
NaCl in the homogemzation medium, with which the enz 3 Tne system is 
more stable The homogenates may be cleared of large particles and cellu- 
lar debris by centnfugation at about 200 X p for 5 minutes vuth little or 
no loss of activity 

Incubation — The homogenates oxidized glucose and pyruvate vigorously 
when incubated at 37° in the presence of DPN and KCl or MgCh The 
composition of the reaction system varied m different experiments as ex- 
plamed In a typical experiment, the system consisted of the following 
0 5 ml of homogenate (corresponding to 30 to 40 mg of tissue), 0 05 ml 
of 5 per cent glucose (or 0 1 ml of 0 1 m sodium pyruvate), 0 1 ml of 3 per 
cent DPN, 0 5 ml of 0 3 m sorbitol, and 0 5 ml of 0 15 M KCl The reac- 
tion mixtures were incubated at 37° in Warburg flasks contaimng alkah 
m the side compartments In the absence of added substrate, there was 
considerable oxygen uptake for the first 20 to 40 minutes caused by the 
oxidation of substrates mitiaUy present in the homogenate With added 
glucose 01 pyruvate, activity continued foi 2 to 3 hours or more bn er 
optimal conditions, the oxygen uptake of the system mth glucose as su 
stiate coiiesponds to 400 to 450 nmoles pei gm of ivet tissue per hour 
This IS appioximately 5 times the respiration of rat heart slices incubate 
in vitro wuth glucose as substrate Utilization of glucose by the lear 
homogenate was determmed by measurmg the mitial and final glucose 
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coiiceiitiatioii in the medium by the method of Miller and Van Slyke (16) 
Activity was deteimmed with an, 4 pei cent oxygen (96 per cent mtrogen), 
7 4 pel cent oxj’-gen (92 6 pei cent nitiogen), or 100 per cent oxygen m the 
gas phase CoCb, CuS 04 , MgCb, oi the chelating agent ethylenediamme- 
tetiaacetic acid (EDTA oi Veisene) was added m some of the experiments 
as indicated 

Chemicals — DPN was obtained fiom the Pabst Laboratories and solu- 
tions of it weie neutiahzed vnth NaOH befoie use Sodium pyruvate was 
piepared fiom pyiuvic acid and crystallized 

EXPERIMENTAL 

Inhibition by 100 Pei Cent Oxygen — When homogenates were incubated 
with glucose 01 pyiuvate as substrates at 37°, the rates of oxygen uptake 
were iintiall}’’ lineai with tune and the same m air and oxygen How- 
ever, m all expermients, the subsequent decline m the rates of reaction 
of the systems m o\ 3 '-gen began sooner and was more pronounced than m 
the controls m an (Table I) Typical expeiiments illustrating the effect 
of oxygen on the oxidation of glucose and pyruvate are recorded in Fig 1 

Table I contains the results of a series of experiments in which oxidation 
of glucose bj'’ rat heart homogenate was studied with air or 100 per cent 
oxygen in the gas phase Total oxygen uptake and utihzation of glucose 
are recorded In all of the experiments, glucose was present m excess so 
that at least one-half of the added glucose remained at the end of the period 
of incubation The expeiiments in Table I show that both oxygen uptake 
and glucose utihzation were depressed in 100 per cent oxygen compared 
to the controls m an 

It was shoivn m a pievious paper (15) that glucose oxidation by heait 
homogenate is highly dependent upon the cations present m the leaction 
medium When sodium ions are the only cations added, theie is no ac- 
tivity Addition of KCl, MgCL, or both will activate the system KCl 
was present in most of the experiments reported in Table I Howevei, we 
have also included some expeiiments in which MgCL or both KCl and 
MgCL were added Inactivation by 100 pei cent oxygen was found under 
all of these experimental conditions The results (Table I) show that the 
oxygen uptake was appioxunately 6 times the utilization of glucose, mdi- 
catmg that most of the glucose used during the expeiiment was completely 
oxidized The late of leaction during the 70 to 100 minute period in per 
cent of the initial late is lecoided in the seventh column It is seen that 
the activity of the system deci eased consideiably dm mg incubation in an, 
but that m all expeiiments the dechne of the rate of leaction was gi eater 
in oxygen than m an The tmies at which the lates of ox 3 '^gen uptake of 
the samples in ox 3 '^gen had declined to 50 per cent of the rates of the con- 
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Fig 1 Oxidation of glucose and pyruvate by rat heart homogenate in air and 
oxygen The reaction system was as described under “Methods ” Glucose when 
present, 0 008 m, sodium pyruvate when present, 0 0065 m ATM = atmosphere 

Tabus I 

Glucose Oxidation hy Rat Heart Homogenate in Air and Oxygen 
The reaction system had the following composition 0 028 m NaCl, 0 012 m sodium 
phosphate, 1 8 mg of DPN per ml , 0 008 m glucose, KCl, when added, 0 045 m, 
MgCU, when added, 0 0012 m, sorbitol added to constant osmolanty (0 270), pH 
7 2, 40 to 50 mg of tissue Total volume, 1 70 ml Each figure is the mean of duph 
cate determinations 


Experi 
meat No 

Activatng ions 

Gas phase 

Tune 

Oxygen 

uptake 

Glucose 

utilization 

Oxygen 

uptake 

70-100 mm 
10-40 min 
X 100 

Time for SO 
per cent 
inhibition* 




mtn 

limoles 

nmoles 

per cent 

mtn 

1 

K+ 

Air 

120 

17 5 

2 9 

66 




Oxygen 

120 

13 6 

1 3 

24 

85 


K+ 

Air 

120 

17 4 

1 8 

42 




Oxygen 

120 

12 5 

0 6 

14 

70 

3 

K+ 

Air 

150 

21 0 

3 5 

90 




Oxygen 

150 

16 8 

3 0 

69 

105 

4 

K+ 

Air 

210 

25 1 

3 8 

82 




Oxygen 

i 210 

19 3 

3 4 

78 

116 

5 

Mg++ 

Air 

120 

22 3 

3 8 

39 




Oxygen 

120 

19 9 

3 2 

17 

75 

6 

K+, Mg++ 

Air 

120 

15 6 

3 5 

29 




Oxygen 

120 

12 6 

1 8 

17 

85 

7 

K+, Mg++ 

Air 

120 

28 7 

5 7 

45 




Oxygen 

120 

25 8 

5 1 

20 

OU 


* The time, t, at which the late of o\ 3 ''gen uptake of the sample in oxygen, art 
the interval t ±5 minutes, had decreased to 50 per cent of the rate of the con ro 
air dunng the same interval of time 
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tiols in an aie given in the eighth column of Table I It is appaient that 
the time necessaiy to leach a ceitam degiee of inactivation vanes widely 
fiom expeiiment to expeiiment Appaiently, both the extent and the 
time of onset of oxj'^gen toxicity vaiy fiom one tissue piepaiation to an- 
othei 

Effect of Cupnc Ions — The vaiiation in the tune of onset of oxygen poi- 
somng of the system made it hkely that some factors, so far unrecognized, 
influenced the toxic action of oxygen m these experiments One possi- 
bility was that trace metals present m the tissue or intioduced by the re- 
agents affected the results Cupnc ions are known to catalyze the oxida- 
tion by oxygen of compounds contairung sulfhydryl groups ( 17 ), ascorbic 
acid ( 18 ), and possibly other essential tissue components The cupric ion 
IS a normal tissue constituent in trace amounts The oxidation of glucose 
by the rat heart homogenate was, therefore, studied m air and oxygen in 
the presence and absence of small amounts of CUSO4 It was shown in 
separate experiments that Na2S04 in high concentrations (compared to 
the concentrations of CuS04 used) had no effect on the system, so that any 
effects of CUSO4 could be assumed to be caused by the cupric 10ns CUSO4 
m concentrations above 2 X 10 ~® m was found to be highly toxic to the 
enzyme system when studied with air or with oxygen m the gas phase At 
somewhat lower concentrations, the system m oxygen was affected to a 
much greater extent than was the control in air, and at concentrations of 
CUSO4 m the range of 5 X 10 ~® m to 10 "® m the copper ion had httle or no 
effect on the enzjrme system incubated in air but strongly inhibited the 
system incubated in oxygen These findmgs are illustrated m Fig 2 Sim- 
ilar effects of cupric 10ns were observed when pyruvate was the substrate 

The inhibitory action of the cupnc ion could be abohshed by the addition 
to the medium of the chelatmg agent EDTA (Table II) 

These observations constitute mdirect evidence for the hypothesis that 
the toxic effect of oxygen on metabohsm is brought about by an oxidation 
of one or more essential metabolites or enzymes to an inactive form 

Dickens ( 6 ) demonstrated with bram shces and homogenates that cer- 
tam cations, particularly Co++ and Mn++, when present in small concen- 
trations, protected against the toxic action of oxygen at mcreased tension 
The effect of the addition to the medium of a small amount of C0CI2 was 
studied m the presence and absence of added cupric 10ns These experi- 
ments are reported m Table III 

In air, neither CUSO4 nor C0CI2 in the concentrations used had any effect 
on the enzyme system Oxygen uptake and glucose utflization were sig- 
nificantly depressed m 100 per cent oxj’-gen Traces of cupric 10ns greatly 
mci eased the toxic effect of oxygen, and cobalt 10ns had no sigmficant 
effect in the absence of added CUSO4, but did significantly dmunish the 
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inhibition by oxygen in the presence of added CUSO4 The nature of this 
effect of cobalt 10ns may be similar to the action of cobalt and manganese 



Fig 2 The effect of copper 10 ns on glucose oxidation by rat heart homogenate in 
air and oxygen The reaction system was as described under “Methods ” The 
abscissa is the concentration of CuSO^ and the ordinate is the total oxygen uptake 
during 150 minutes of incubation at 37° Two upper curves were obtained with glu 
cose as substrate, and the two lower curves without substrate added ATM = atmos 
phere 


Table II 

Glucose Oxidation by Rat Heart Homogenate, Effect of CuSOt and EOT A 
The reaction system was as described under “Methods ” CUSO 4 and EDTA were 
added as indicated below Time of experiment, 130 minutes Each figure is the 
mean of duplicate determinations 


Gas phase 

CuSO* 

EDTA 

Oxygen 

uptake 

Glucose 

utilization 


jf 

il 

fiinoles 

fimoles 

Air 

0 

0 

24 9 

4 2 

Oxygen 

0 

0 

23 1 

3 2 

Air 

1 5 X 10-6 

0 

22 0 

3 5 

Oxygen 

1 5 X 10-6 

0 

13 3 

1 7 

Air 

1 5 X 10-6 

6 X 10-6 

28 9 

3 4 

Oxygen 

1 5 X 10-6 

6 X 10-6 

28 4 

3 9 


ions observed by Dickens (6, 7 ) and may consist of an antagonism to lon^ 
that accelerate oxygen poisomng These 10ns may be natuially pr^s 
m the tissue or, as m our experiments, they may be added to the reac 
medium It should be pomted out that the concentration of cupric 10 
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added in these expeiiments is actually lower than the concentration natu- 
lally piesent in human plasma ( 19 ) 

Table III 

Effect of Coppci a7id Coball Ions on Oxidation of Glucose by Rat Heart 
Homogenate in Air and Oxygen 

Five experiments were performed vith separate heart homogenates In addition 
to the regular components of the reaction mixture, described under “Methods,” 
replicates contained (1) no extra added ions, (2) CuSOi, (3) C 0 CI 2 , (4) CuSOi + 
C 0 CI 2 as indicated below, gas phase was air or 100 per cent oxygen In each experi- 
ment (120 minutes of incubation at 37°) the total oxygen uptake and glucose utiliza- 
tion were measured and the mean activity of the controls in air (and without CuS 04 
or C 0 CI 2 ) was designated 100 per cent The activities of the other samples were 
expressed in per cent of the control The figures below for each experimental cate- 
gory are the means of the per cent differences from the controls ± the standard error 
of the mean The figures m parentheses represent the number of individual deter- 
minations 

Cafg Orygen uptake Glucose utilization 

|ory Ions added — 

° In air In oxygen In air In oxygen 

per cent* per cent* per cent* per cent* 

1 None 0 (9) -14 ± 1 6 (9) 0 (9) -14 ± 3 3 (9) 

II 9 X 10-« M 0 ± 2 3 (4) -46 ± 3 7 (9) -4 i 6 1 (4) -62 ± 6 9 (9) 
CuSOi 

III 3 8 X 10-5 -}-l d= 1 7 (4) -7 ± 1 0 (7) -8 ± 4 1 (4) -18 ± 5 9 (7) 

C 0 CI 2 

IV 9 X 10-5 M 0 ± 1 1 (5) -31 ± 3 2 (8) 4-4 ± 3 2 (5) -44 ± 2 5 (8) 

CuSOi 
-f 3 8 X 10-5 
M C 0 CI 2 

Effect of CO- 0 ± 2 5 -fl5 ±49 4-8 ± 6 9 4-18 ±73 

bait in pres- t = 31 t = 2 i 

ence of P <0 01 P <0 01 

copper (Cat- 
egories rv- 
11 ) 

* Per cent differences from the activity of the control in air and m the absence of 
added copper and cobalt 10 ns (see above) 

Effect of EDTA — The observation that the cupric ion so strongly ac- 
centuates oxygen toxicity and that other 10ns also influence the phenome- 
non made it hkely that chelatmg agents would modify oxygen toxicity 
The effect of the chelatmg agent EDTA was accordmgly studied This 
substance combmes strongly with the calcium ion, less strongly with mag- 
nesium, and also removes cupric 10ns from solution '\i^^len EDTA vas 
added to a rat heart homogenate activated by KCl and vuth glucose as 
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substrate, it was found that at low concentiations (6 X 10“® m or lower) 
EDTA had no effect or caused only a shght depression of the untial rate 
of reaction If the concentiation was increased above m, however, 
the initial rate was definitely depiessed At a concentration of lO'"® M, 
EDTA caused complete inhibition The inhibition appeared to be caused 
by the removal of magnesium ions from the reaction medium smce the 
addition of an equivalent or greater amount of MgCh restored activity 
completely When an adequate concentration of KCl is present, glucose 
oxidation will pioceed rapidly without added MgCh, but it is apparent 
that the magnesium ions present in the tissue itself aie necessary for ac- 
tivity 

Although EDTA in small concentrations had httle or no effect on the 
imtial rate of reaction, it did influence the activity of the enz 3 rme prepara- 
tions after incubation foi 1 hour or more at 37° The general action of 
EDTA at a concentration of 6 X 10~^ m was that of stabihzmg the system, 
^ e , of delaymg the gradual fall in the rate of reaction that began at differ- 
ent times with every enzyme preparation studied This stabihzation of 
the system with EDTA occuired both m air and in oxygen but was sig- 
mficantly greater m oxygen than m air In oxygen the time of the fall in 
activity (compared to the control m air) was, therefore, delayed and the 
difference m activity between the sample in an and oxygen was less pro- 
nounced The observation that EDTA prolongs the activity of the sys- 
tem both m air and m oxygen makes it reasonable to assume that the fall 
m activity of the system in air, as m oxygen, is at least partly a result of 
the toxic action of oxygen, i e , that oxygen m this cell-free enzyme system 
IS toxic at the tension present m air If this be true, the enzyme system 
should be more stable when incubated under tensions of oxygen lower than 
0 2 atmosphere than it is m an or oxygen The oxygen uptake of the 
heart muscle enzyme system was therefore determmed in the presence of 
glucose with 4 per cent oxygen (96 pei cent nitrogen), air, or 100 per cent 
oxygen m the gas phase At each tension of oxygen the effect of the addi- 
tion of 6 X 10~® M EDTA was also determmed (Expeiiment 1, Table IV) 
In two subsequent experiments (Experiments 2 and 3, Table IV) the low- 
est oxygen concentration was 7 4 rather than 4 pei cent It was reahzed 
that at a concentration of 4 per cent oxygen almost all of the oxygen piesent 
was used up at the end of the experiment and that, undei such conditions, 
diffusion of oxygen mto the solution might become a hmitmg factor m the 
measurement of oxygen uptake With 7 4 per cent oxygen m Ifi® 
phase, the concentration of oxygen at the end of an experiment wiU still e 
about half of the imtial concentration, even with the most active enzyme 
preparation studied 

For each experiment we have recorded the imtial rate of reaction m m 
cromoles of oxygen per hour calculated from the rate during the 30 to 
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minute inteival of the expeument We chose this interval foi calculation 
of the initial late of leactioii, since at 30 minutes the control without glucose 

Table IV 

Glucose Oxidalion hy Rat Heait Homogenate at Different Concentrations of Oxygen 
Reaction system, Experiment 1 0 5 ml of homogenate (about 40 mg of tissue) 
in 0 040 M sodium phosphate, 0 095 m NaCl, pH 7 2 Final concentrations of compo- 
nents 0 012 M sodium phosphate, 0 029 m NaCI, 0 045 m KCl, 0 090 m sorbitol, 1 8 
mg per ml of DPN, 0 0084 m glucose Total volume, 1 65 ml EDTA, when pres- 
ent, 6 X lO'"'’ M Experiments 2 and 3 0 5 ml of homogenate (31 mg of tissue) in 
0 040 M sodium phosphate, 0 095 u KCl, pH 7 2 Final concentrations of compo- 
nents 0 017 SI sodium phosphate, 0 074 si KCl, 0 065 si sorbitol, 2 6 mg per ml of 
DPN, 0 012 SI glucose Total volume, 1 15 ml EDTA, when present, 9 X 10~® si 
Ox 3 ’'gen uptake determined in Warburg vessels at 37°, CO 2 absorbed by alkali Gas 
phase, 4 per cent 02-96 per cent N 2 , 7 4 per cent 02-92 6 per cent N 2 , air, or 100 per 
cent O 2 , as indicated below For each experiment the initial rate of oxygen uptake 
(calculated from the 30 to 50 minute rate) is recorded in micromoles per hour Aver- 
age rates during subsequent 40 minute intervals are given in per cent of the initial 
rate Each figure is the mean of duplicate determinations 


Expemnent No 

1 No 
EDTA 

With 

EDTA 

No 

EDTA 

With 

EDTA 

No 

EDTA 

With 

EDTA 

4 per cent oxygen 

Air 

100 per cent oxygen 

1 

1 Initial rate, ymoles per hr 

10 4 

8 9 

11 4 

8 9 

10 5 

9 0 

“ “ % 







70-110 min 

93 

104 

84 

99 

66 

78 

110-150 “ 

54 

85 

36 

93 

15 

74 

150-190 “ 

18 

80 

11 

83 

9 

65 


7 4 per cent oaygen 





2 Initial rate, nmoles per hr 

14 1 

12 8 

14 6 

13 2 

14 1 

12 5 

X . “ % 





1 


70-110 min 

79 

87 

81 

88 

67 

81 

110-150 “ 

76 

84 

67 

82 

56 

76 

150-190 “ j 

54 

64 

29 

69 

11 

55 

190-230 “ 

46 

51 

10 

59 

11 

49 

230-270 “ 

38 

42 

5 

51 

7 

42 

3 Initial rate, nmoles per hr 

13 4 

11 4 

13 5 

11 6 

14 1 

12 5 

“ “ % 







70-110 min 

81 

83 

81 

89 

74 

84 

110-150 “ 

78 

82 

58 

77 

30 

77 

150-190 “ 

58 , 

73 

22 

76 

9 

62 

190-230 “ 

51 

59 

5 

64 

4 

55 

230-270 “ 

51 

55 

4 

58 

3 

43 


added had almost ceased to take up oxygen, and sigmficant ox 5 '-gen poison- 
mg did not occur earlier than 50 minutes from the start of the experiment 
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It IS seen that the initial rate of reaction was almost the same at the differ- 
ent tensions of oxygen, mdicating that the respiratory enzymes aie satu- 
lated with oxygen even at 4 pei cent concentrations EDTA, at a con- 
centration of 6 X 10~® M m Experiment 1 and 9 X 10“® m in Expenments 
2 and 3, depressed the initial oxygen uptake shghtly The mean oxygen 
uptake values durmg subsequent 40 minute periods of incubation were 
calculated and expressed in per cent of the initial rate There was m all 
cases a progressive fall in activity with time This faU started earher and 
was more pronounced m oxygen than in air It was also found that the 
oxygen uptake was maintained better in 4 or 7 4 per cent oxygen than m 
air EDTA protected the enzyme system against inactivation at all con- 
centrations of oxygen This piotective effect of EDTA was particularly 
pronounced with 100 per cent oxygen in the gas phase With EDTA pres- 
ent, the enzyme system has a remarkable stabihty Even after 250 min- 
utes of incubation at 37°, activity was still at a level of 50 per cent of the 
initial rate (Experiments 2 and 3) 

DISCUSSION 

In the experiments reported here the toxic action of oxygen on a cell-free 
multienzyme system is well demonstrated The inhibitory action of oxy- 
gen IS manifested by 100 per cent oxygen and also at the concentration of 
oxygen present m air However, there is considerable evidence that most 
enzymes, when present in the intact cells of tissue shces or m the animal, 
are less susceptible to oxygen poisomng than they are when present in 
cell-free preparations such as the heart homogenate used in these experi- 
ments This may be an mdication that piotective mechamsms are pres- 
ent in the cell that coimteract the oxidizmg potential of molecular oxygen 
It has been observed that susceptibihty to poisomng by oxygen varies 
widely from species to species (4, 20) and with the physiological state of 
the animal (21) It is possible that such differences m resistance to oxygen 
toxicity may parallel changes m the protective mechamsms of the cell As 
an extreme case, one may consider the strictly anaerobic bacterium as an 
orgamsm without any protective mechamsm agamst oxygen poisomng 

That copper ions greatly accentuate oxygen poisomng and that the 
chelatmg agent EDTA exerts a protective action strongly support the view 
that the toxic action of oxygen on tissue metabohsm is caused by a meta 
catalyzed oxidation of one or more easily oxidizable tissue constituents 
There is much evidence that the tissue constituents involved may 
zymes or coenzymes contaming sulfhydryl groups (1) The so called 
enzymes are especially vulnerable to inactivation by oxygen 
SH — coenzymes, glutathione and coenzyme A, have been shown by ar 
ron (22) to be oxidized in water solution by high pressures of oxygen 
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Coppei ions, found in oui expermients to accentuate oxygen toxicity, aie 
known to catal 3 '^ze the oxidation of SH — groups (17) 

The unpoitance that the ^n vitro studies of oxygen toxicity may have for 
om undei standing of the phenomenon of oxygen poisoning m the intact 
animal lemains to be decided The difficulties involved m concihatmg 
the lesults fiom studies of tissue pieparations with obseivations made on 
intact ammals have been discussed by Stadie and Haugaard (11) and by 
Dickens (5) It should be pointed out, however, that recent studies with 
intact animals bj'- Geischman et al (23) support the hypothesis that oxy- 
gen poisoning IS caused by an oxidation of essential SH — groups These 
authors found that mice were protected against death from high oxygen 
pressure bj'- previous injection of the sulfhydiyl compounds glutathione, 
cysteine, jS-meicaptoethylamine, or BAL Of importance m this coimec- 
tion are also the studies of Lambeitsen et al (24), who estimated that the 
oxygen tension m the bram cells of man exposed to toxic pressures of oxy- 
gen (3 to 4 atmospheres) was far below the tension of oxygen m the inspired 
gas These considerations would tend to indicate that the tensions of 
oxj'-gen that are toxic to cells in vivo are of the same order of magmtude as 
the oxygen tensions found to be toxic to tissue metabohsm in vitro 

Much remams to be done before we understand the mechamsm of oxygen 
poisonmg However, the evidence that has accumulated in favor of the 
hypothesis that oxidation of essential SH — groups is involved is impressive 

The authors wish to thank Miss Imelda Husnock for valuable techmcal 
assistance 


SUMMARY 

The toxic effect of oxygen on the enzyme systems in heart muscle oxi- 
dizmg glucose and pyruvate has been studied It was found that oxygen 
at a pressure of 1 atmosphere (compared to air) produced a gradual inhibition 
of enzyme activity Cupric ions m trace amounts greatly accentuated 
this toxic action of oxygen The chelatmg agent, ethylenediaminetetra- 
acetic acid, protected against inactivation of the enzyme systems by oxj'-- 
gen The relation of these findmgs to the phenomenon of oxygen poison- 
ing has been discussed 
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It IS becoming apparent that 5-hydrox5ftryptamine (serotonm) may be 
an important humoral agent (1-3), and mformation concermng its me- 
tabohsm may be of value in elucidating its physiological roles An im- 
portant catalyst involved in the bios 5 mthesis of serotonm is the enzyme 
5-hydrox3d;ryptophan (5HTP) decarboxylase (4) As a result of the ac- 
tions of this enzyme, admimstered 5HTP is converted to serotomn in 
many tissues, including brain (5) Many of the pharmacological effects 
of this ammo acid were shown to result from its abihty to penetrate into 
the central nervous system, where it is converted to serotonm by 5HTP 
decarboxylase in brain 

It was previously reported that 5-hydroxytryptophan decarboxylase is 
inhibited by carbonyl reagents, suggestmg that the coenzyme in the con- 
version of 5HTP to serotonin was pyndoxal phosphate (4) However, 
With purified preparations of gmnea pig kidney, it was not possible to show 
more than 30 per cent stimulation upon addition of pyridoxal phosphate 
Sunilar findings were later reported by Beiler and Martm (6) Subse- 
quently, Buxton and Smclair (7) found that m vitamin Be-deficient rats 
the activity of kidney 6HTP decarboxylase was much lower than m normal 
rats and that the activity could be restored upon addition of pyridoxal 
phosphate tn vitro 

The studies reported here represent additional evidence that pyndoxal 
phosphate is the coenzyme of 5HTP decarboxylase The effects of vita- 
mm Be deficiency and senucarbazide on serotonm production in vivo have 
also been investigated 

Materials and Methods 

Materials — ^Pyndoxal phosphate (65 per cent purity) was generously 
donated by Dr E A Peterson of the National Cancer Institute Sero- 

* Part of the work presented here will be submitted by Herbert Weissbach in a 
thesis in partial fulfilment of the requirements for the degree of Doctor of Philosophy 
in the Department of Biochemistrj^ George Washington Universitj , Washington, 
D C 
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tomn, 5HTP, and semicarbazide were obtained from commercial sources 
Chickens were used m these studies because experiments on vitamin Be 
deficiency m this species were in progress for other purposes Vitamin 
Be-deficient chickens were prepared by bemg placed on aitificial diets at 
the time of hatching One group, made acutely deficient by a diet com- 
pletely devoid of vitamin Be, exhibited symptoms of pyndoxme deficiency 
aftei 9 to 12 days The other group received a diet contaimng approxi- 
mately 10 per cent of the minimal vitarmn Be requirement, and showed 
symptoms aftei 4 to 5 weeks Conti ols for this group consisted of ammals 
limited to the same food intake containing optimal amounts of vitaimn Be 

Methods — Serotomn in tissues was determined by a method previously 
described (8) Whole blood xvas assayed for serotonin upon precipitation 
of proteins' with ZnS 04 and NaOH, as previously described (9) S-Hy- 
droxytryptophan decarboxylase was assayed by measurmg serotomn foi- 
mation fiom 5HTP according to the procedure of Clark et al (4) o-Tyra- 
mme was assayed coloiimetrically after extraction with n-butanol, as 
described by Mitoma ei al (10) 

EXPERIMENTAL 

Dissociation of 5HTP Decarboxylase from Its Coenzyme — Although rat 
kidney is a relatively poor source of 5HTP decaiboxylase, it was found that 
the enzyme in this tissue could be dissociated from pyridoxal phosphate 
more readily than in other tissues xvhich contain more enzyme, i e guinea 
pig and hog kidney The following procedure was used to make prepara- 
tions requiiing pyridoxal phosphate foi decarboxylation of 5HTP Rat 
kidneys were removed, immediately frozen, and stored at —10° for several 
days ^ After the kidneys had thawed, purification of 5HTP decarboxylase 
was carried out in a loom at a constant temperature of 3-5° The tissue 
was homogemzed in 4 times the volume of distilled water and centrifuged 
for 30 minutes in a Servall centrifuge at high speed After removal of the 
fatty layei the supernatant extract was dialyzed against distilled water 
oveimght 

The dialyzed prepaiation at this stage was found to be relatively inactive 
unless pyridoxal phosphate xvas added Pyridoxal phosphate produced 
little stimulation (Table I) miless the tissue was first subjected to freezing 
and thawmg This process apparently had little effect on the apoenzyme 
Similar freezing and thawing techniques did not, however, affect the pjTi- 
doxal phosphate requirement of guinea pig kidney decarboxylase 

1 Chicken blood contains sufficient amounts of serotonin (2 to Syperwii ) to assay 
directly in deproteinized blood . 

® The usual procedure was to stole the frozen kidneys over the weekend D® n 
of the time factors in the freezing and thaiving were not investigated 
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Effect of Seimcarhazide on 6HTP Decarboxylase Activity in Vitro — It 
^\as shown pie\aously that sermcarbazide at concentrations of 10'^ m in- 
hibited 5HTP decarboxylase almost completely and that this i nhi bition 
could not be reversed to any great extent by the addition of as much as 
200 7 of pyiidoxal phosphate (4) On the other hand, inhibition of 3,4- 
dihydi oxjTihenylalamne (dopa) decarboxylase by 10“^ m semicarbazide 
V as almost completely reversed vuth 200 y of pyridoxal phosphate, show- 
ing a distinct difference between these two enzymes If sermcarbazide 
inhibits because of interaction mth pyridoxal phosphate, then excess 
pjnidoxal phosphate should reverse the inhibition Further studies with 
smallei amounts of sermcarbazide have shown that the rnhibition can be 


Table I 

Dissoctalion of Rat Kidney SHTP Decarboxylase by Freezing and Thawing 


1 

pyridoxal phosphate added 

Control tissue* 

Tissue after freezing and thawing* 

7 



0 

1 00 

0 28 

1 

0 95 

0 68 

2 

1 31 


4 

1 19 

0 94 

8 

1 10 

1 16 


* The values represent micromoles of serotonin formed per gm of kidney per hour 
Each flask contained 1 0 ml of enzyme, 10/imoles of dl- 5HTP, 0 3 ml of 1 m phos- 
phate buffer, pH 8 1, 0 1 ml of octyl alcohol, and water to make a total volume of 
3 5 ml Incubation was carried out on a Dubnoff metabolic shaker at 37° for 30 
minutes 

reversed -with pyridoxal phosphate (Table II) The difference between 
dopa and 5HTP decarboxylase, previously reported, is difficult to explain 
by means of interaction of sermcarbazide with the coenzyme alone 
Effect of Vitamin Be Deficiency on Tissue Serotonin Levels and SHTP 
Decarboxijlase Activity — ^The data presented in Table III indicate that m 
vitarmn Be-deficient animals the levels of serotonin in the tissues are mark- 
edly diimmshed It would have been desirable to compare the 5HTP de- 
carboxylase activity of tissues from vitamin Be-deficient chicks wth those 
of normal chicks and to demonstrate a requirement of pyridoxal phosphate 
m the deficient animals However, 5HTP decarboxylase activity in even 
noimal chicken tissues, including slices, was found to be so low as to make 
this type of expenment impossible 5HTP was, however, leadily con- 
veited to seiotonin when administered in vivo It was possible, therefore, 
to show that aftei a given dose of 5HTP less seiotonm appeared in the 
tissues of vitarmn Be-deficrent anmials than in controls (Table IV) It is 
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apparent that less serotonin was present in the tissues of the vitamin Be- 
deficient animals to begm with, and that upon adimmstration of 5HTP the 
net mcrease m serotomn was much less 


Table II 

Inhibition of 5H.TP Decarboxylase with Semicarbazide and Its Reversal 
with Pyridoxal Phosphate 


Semicarbazide 

Serotonm formed 

Without pyndoxal phosphate 

With pyridoxal phosphate 

nmoles 

y 

y 

0 

121 

165 

0 67 

38 

120 

2 7 

10 

90 

13 3 

8 4 

36 

26 6 

5 2 

27 


The enzyme used in these studies was a 10,000 X g supernatant solution of guinea 
pig kidney An amount equivalent to 100 mg of original tissue was preincubated 
for 5 minutes with the indicated amounts of semicarbazide and with 0 5 /nmole of 
pyridoxal phosphate, after which 2 /imoles of dl-SHTP were added The other de 
tails of the incubation were sirmlar to those shown in Table I 

Table III 


Serotonin Levels in Normal and Vitamin Bi-Deficient Chicks 


Tissue 

Serotomn 

Control 

Vitamin Be deficient 


T ter gm 

7 per sm 

Brain 

1 1 (± 0 3) 

0 4 (± 0 06) 

Intestine 

5 3 (± 1 2) 

1 2 (± 0 4) 

Liver 

1 6* 

0 4* 

Blood 

2 9* 

0 5 (± 0 08) 


* Tissues from four animals were pooled and analyzed 

The chicks used in this experiment were those made chronically deficient and their 
pair-fed controls Unless otherwise stated, each value represents the average ob 
tamed from six animals The values in parentheses represent the mean deviation 

Effect of Sermcarhazide in Vivo — ^The abibty of semicarbazide to inteiact 
with, pyridoxal phosphate in vitro, and thereby to inactivate 5HTP de 
carboxylase, suggested that admimstration of this carbonyl reagent mig 
produce a serotomn deficiency sirmlai to that observed m vitainin Be- ^ 
ficient animals 

Admimstration of semicarbazide to gmnea pigs in amounts sufficien 
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lesult 111 death in 1 to 2 houis (260 xng per kilo) did not produce a detecta- 
ble deciease in the level of serotonin in the brain However, a peiiod of 
1 to 2 hours may have been shoit compaied to the noimal rate of serotomn 
sjTithesis 


Table IV 

Serotomn Levels in Normal and Vitamin B ^-Deficient Chicks after 
Administration of 6HTP 


Tissue 

Serotomn 

Control 

After 5HTP 

A 


y per gm 

y per gm 

y per gm 

Normal liver 

1 6 

10 8 

9 2 

Vitamin Bc-deficient liver 

0 4 

2 0 

1 6 

Normal brain 

0 8 

5 0 

4 2 

Vitamin Be-deficient brain j 

0 5 

3 2 

2 7 


Each figure represents the pooled tissues of three animals The values pre- 
sented are typical of those observed in two experiments The animals received 240 
mg per kilo of dl- 5HTP and were killed 2 hours later 


Table V 

Serotonin Levels in Normal and Semicarbazide-Treated Mice after 
Administration of SNTP 


Experiment 

Tissue serotomn* 

Increase 


y per gm 


Control 

2 4 


Semicarbazide 

2 2 


5HTP 

8 8 

6 4 

” 4- sermcarbazide 

6 5 

4 3 


* Homogenates of whole mice were assayed 

Semicarbazide (240 mg per kilo) was administered 30 minutes before 5HTP 
(200 mg per kilo) , the animals were killed 1 hour later Each figure represents the 
average obtained in two separate experiments In each experiment the values repre- 
sent the pooled tissues of two animals 

The effect of semicarbazide on the amount of serotomn appearmg m 
tissues after a given dose of 5HTP was also mvestigated This was carried 
out m mice by pretreatmg them, before admuustermg 5HTP, with the 
maximal amount of sermcarbazide which would pernut sunaval for a long 
enough time to carry out the experiment They were killed 1 hour after 
receivmg the 5HTP, and each animal was homogemzed and assayed for 
seiotomii The results of this experiment (Table Y) mdicate that serm- 
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The turnover of the acid mucopolysaccharides, hyaluromc acid (HA) 
and chondroitinsulfuric acid (CSA), of skin has been studied in normal 
rats (1) and in animals treated with the adrenocortical hormones, 17-hy- 
droxycorticosterone and ll-dehydro-l7-hydroxycorticosterone (2) It was 
shown that the administration of these adrenal steroids to otherwise nor- 
mal rats resulted in a decreased turnover of the mucopolysaccharides of 
skm 

The possibility that insulin participates m the metabohsm of acid mu- 
copolysaccharides was suggested by the finding that both the uronic acid 
and hexosamme moieties of HA derive from glucose (3-5) Since insuhn 
regulates the utihzation of glucose, it seemed reasonable to postulate a 
role for insulm in the biosynthesis of the mucopolysaccharides It is the 
purpose of this paper to present evidence that mucopolysaccharide metab- 
ohsm IS impaired in the skm of alloxan-diabetic rats and is restored toward 
normal by insulm administration A portion of this investigation was 
pubhshed previously m preliminary form (6) 

Methods and Materials 

Animals — ^Adult male rats of the Sprague-Dawley strain were used 
throughout this study Except for animals on a limited food intake, the 
rats were fed Rockland chow and water ad libitum Alloxan diabetes was 
induced by a single subcutaneous injection of 150 mg of alloxan mono- 
hydrate pel kilo of body weight Animals that did not lose weight were 
ehminated 3 weeks after the administration of alloxan, blood glucose, 
determined on rats selected at random, ranged from 410 to 592 mg per 
100 ml 

Insuhn (NPH, Lilly) was injected subcutaneously m daily doses of 20 or 
40 units per kilo of body weight This dose was varied, because continued 
administration of the higher dose resulted m evidences of hj'^poglycemia m 
some animals Glucose levels of 25 to 45 mg per 100 ml of blood were 

* This investigation as aided bj grants from the National Heart Institute (H-311) 
of the United States Public Health Service, the Herman Gordon Foundation, and 
the Varietj Club of Illinois 
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attained On any day that the concentiation fell below 25 mg per cent, 
as happened occasionally, the insuhn injection was omitted 

Methods — Blood glucose was determined by the method of Nelson (7) 
C^^-carboxyl-labeled sodium acetate was prepared as described by Calvin 
et al (8) Uniformly labeled glucose-C^^ was purchased from the Nuclear 
Instrument and Chemical Corporation, Chicago The HA and CSA 
fractions were isolated from the skin as described m an earlier publication 
( 9 ) 

Aliquots of the separated mucopolysaccharides were oxidized to CO 2 
and the C^^ was counted as BaCOs m an internal gas flow counter, cor- 
rected to infinite thickness A silver -wire used m the combustion tube 
filhng assured the complete removal of the during the oxidation of the 
CSA fractions The S^® concentration of the CSA fractions was deter- 
mined as previously described (1) 

The HA and CSA pool sizes in the skin of normal and diabetic rats were 
estimated by the method of isotope dilution C^^-labeled HA and CSA 
were prepared in mvo by injecting rats with acetate-l-C^^ and were isolated 
from the skin as described (9) The specific activity of the two muco- 
polysaccharides was determined and known quantities of each were added 
at the begmmng of the extraction procedure to NaOH suspensions of 
defatted ground skms from normal and diabetic animals After isolation 
of the mixture of labeled and unlabeled mucopolysaccharides, the specific 
activities of the HA and CSA fractions were determined and the amounts 
of mucopolysaccharides m the original skins were calculated (10) The 
values for the pool sizes of HA and CSA are expressed as mg per 100 gm 
of acetone-defatted dry skin 


EXPERIMENTAL 

60 rats w^ere divided into thiee experimental groups of equal size One 
group of animals was used 3 iveeks after the adnumstration of alloxan A 
second group of untreated animals served as controls, ivhile a third gioup 
of normal animals was maintained on half the average daily food intake 
for 3 weeks prior to and during the experiment The weight loss of the 
latter group was similar to that of the diabetic animals throughout the 
experimental period Each of the 60 rats was injected once subcutane- 
ously with 80 MC of acetate-l-C^^ and 2 7 jxc of Na 2 S ^^04 as an isotonic 
mixture Ten rats m each group were saciificed 1 and 5 days after the 
injection 

The uptake of C^^ by HA and of and by CSA was strikingly less 
for diabetic than that for normal lats (Fig 1) No such deciease vns 
evident in the fasted rats Since the iveight lost by the animals on a re 
stricted food mtake duphcated that lost by the diabetic animals, weig 
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loss 'per sc appeals to have no influence on the uptake of and by the 
mucopolysaccharides of skin The average body weights of the three 
gioups of animals at the time of isotope administration were 355, 212, and 
210 gm for the normal, fasted, and diabetic rats, respectively 

The disappeaiance of HA-C’S CSA-C*^ and CSA-S^® 4 days aftei maxi- 
mal labeling is illustrated m Fig 1 The C‘^ concentration of the CSA 
fraction from the diabetic animals has been omitted, since the radioactivity 
of the BaCOs from this sample was too low for accurate counting While 



o 
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Fig 1 A comparison of the concentration of HA and of the C” and concen- 
trations of CSA among the three experimental groups following the administration 
of acetate-l-C“ and NazS^Oi The left and right bars of each pair represent the 
values 1 and 5 days, respectively, after the injection of the isotopes The value of 
the CSA-C*^ at 5 days is omitted in the case of the diabetic rats See the text for 
an explanation 


half hfe tunes calculated from two pomts are not accurate, the values 
serve to indicate gross changes in turnover The appaient half hfe times 
of 2 6 days for HA and 110 and 10 8 days for CSA (based on the and 
S^^, respectively) found m the skin of normal animals agree with those 
obtained previously from more detailed decay curves (1, 2) In the dia- 
betic animal, however, the turnover is considerably slower, as evidenced 
by an apparent half hfe of 4 5 days for HA and 20 9 days for CSA (based 
on S’®) 

The lesults of this expeiimeiit indicated a decreased capacity to metab- 
olize acid mucopolysaccharides m diabetic ammals A fall m concentra- 
tion of these substances might theiefore be anticipated Since methods 
for isolating the mucopotysaccharides are not quantitative, attempts v ere 
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made to estimate possible changes m mucopolysacchande concentrations 
by utilizing the method of isotope dilution The results, mdicated m 
Table I, demonstrate a marked decrease m HA concentration and a less 
striking decrease m CSA concentration These determmations of pool 
size permitted the calculation of the turnover rates presented m Table I 
The marked difference between diabetic and normal ammals is evident 
The lower turnover rates previously reported (6) were calculated from the 
quantities of HA and CSA isolated from skin by methods which are not 
quantitative 

The sizes of the HA and CSA pools in the skin of the fasted animals 
were not measured, hence turnover rates comparable to those calculated 
for the normal and diabetic rats could not be obtained 

Table I 


Comparison of Pool Size and Turnover Rate in Normal and Diabetic Rats 



Condition 

Pool size* 

Turnover ratef 



ms per 100 gm 

mg per 100 gm 
per day 

HA 

Normal 

215 

58 


Diabetic 

88 

14 

CSA 

Normal 

187 

12 


Diabetic 

145 

5 


* Pool size as determined by the isotope dilution method and expressed as mg per 
100 gm of acetone-defatted dry skin 

t Turnover rate = (pool size)/(q X 1 44) (11) (q = half life time) 


The use of acetate-l-C^^ effects specific labehng of the A-acetyl com- 
ponent of the mucopolysaccharide molecules (12) Smce acetate utiliza- 
tion is decreased in the diabetic ammal (13, 14), it may be argued that the 
observed results reflect alterations m acetate metabohsm Although the 
similarity of the C^^ and data would appear to mvahdate this objection, 
another experiment was undertaken m which glucose-U-C^* as well as 
Na 2 S ^®04 was utilized In the same experiment the effects of insulin on 
both normal and diabetic rats were studied Four experimental groups 
were used At appropriate tunes, as designated below, each animal re 
ceived a single subcutaneous injection of an isotomc mixture contammg 
6 7 MC of glucose-U-Ci^ and 13 3 pc of NaaS^^o, Two groups were made 
diabetic as descnbed above 3 weeks later one-half of the diabetic am 
mals wms injected with the radioactive mixture The remainder v a 
treated daily vnth 20 or 40 units of msuhn per kilo of body weight or^ 
week before the administration of the radioactive material and daily 
after until sacrifice The two other groups of animals consisted o non 
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diabetic rats One group seived as a normal control, while the other was 
injected dailj’- with 20 oi 40 umts of insulin per Mo of body weight before 
and aftei leceivmg the isotopes in a mannei identical to that used in the 
tieatment of the diabetic ammal 

Eight to ten lats m each group were sacrificed at mteivals of 1, 5, and 
17 daj’'s after the admmistiation of radioactive material and the HA and 
CSA fractions were isolated fi om the respective pools of skin 

A comparison of the left bais of the diabetic and normal groups (Fig 2) 
indicates a marked decrease m incorporation of isotope in both HA and 
CSA m the diabetic animal This findmg is entirely in accord with the re- 
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Fig 2 A comparison of the C“ concentration of HA and of CSA of the various 
groups 1 (left bar) and 5 (right bar) days after the administration of glucose-U-C“ 
and Na2S5®04 


suits obtained when acetate-l-C‘^ was employed as a precursor Calcula- 
tion of half Me tunes for HA again showed some pi elongation m diabetic 
ammals (5 0 days compared with 3 8 days for normal), although these 
differences were not as striking as those obseived for CSA or those ob- 
tained m the previous experiment 

The sulfate data (Fig 3) demonstrate, as m the previous experiment, a 
marked inhibition of isotope uptake m diabetic ammals, although the 
differences m decay (half Me times) are not as evident 

The admimstration of msuhn to diabetic ammals restores the defect of 
uptake toward normal as illustrated by the data foi C*^ m HA (Fig 2) and 
foi both C'^ and in CSA (Figs 2 and 3) The half life times were 
actually shorter than normal m this group (HA-C“, 1 9 days, CSA-C'*, 
3 9 days, and CSA-S^^ 6 3 da 5 '^s) Tins is not surprismg, since these am- 
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mals were hypoglycemic The effect of insuhn m normal animals was 
somewhat variable and not as striking as m the diabetic animals, probably 
because the diabetic animal is more sensitive to insuhn 



Fig 3 A comparison of the S’® concentration of CSA of the various groups follow 
ing the administration of glucose-U-C*‘ and NasS’^Oi The bars in each group, read 
ing from left to right, represent values 1, 5, and 17 days after the injection of the 
isotopes 

DISCUSSION 

In the present study an attempt was made to relate the pancreas to the 
synthesis of acid mucopolysaccharides The data show that in diabetic 
rats the uptake of by HA and of and by CSA is diminished, the 
sizes of the mucopolysaccharide pools in the skm are decreased, and the 
HA and CSA turnover rates are slower than normal In the insuhn- 
treated diabetic anmial, the metabolism of the skm mucopolysacchan es 
assumes a more normal character , 

The radioactivity at zero time of the HA and CSA fractions iso a c 
from the skm of the diabetic animals was approximately one-third that o 
the same fractions isolated from the skin of the normal animals when ei 
ther acetate-l-Ci^ or glucose-U-C« and Na 2 S ^=04 were 
These substances are precursors of specific moieties of the HA an 
molecules (1, 12) This fact, taken together mth the finding t a 
uptake of the isotopes was reduced to the same extent ivith each 
used, confirms and supports the conclusion published pievioiisly ( 
the various components of the lespective acid mucopolysacchan es^ 
over at the same rate Furthermore, the observations argue agains 
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view that an increased initial dilution due to larger than normal body- 
pools of acetate and glucose is responsible for the results in the diabetic 
ammal, for it is unlikely that the acetate, glucose, and sulfate pools were 
in Cl eased to exactly the same extent 

The results of this investigation mdicate that the synthesis of the con- 
nective tissue mucopolysaccharides is inhibited m the msulm-deficient 
animal That the decreased turnover of these substances in the diabetic 
rat results from a defect in glucose utihzation seems hkely Such a con- 
cept would also account for the decreased turnover of the mucopolysac- 
charides in the skin of rats injected -with adrenal cortical hormones (2) 
Irrespective of its mechamsm of action, a role of insuhn in the metab- 
ohsm of the acid mucopolysaccharides may have considerable biological 
implications The retarded wound heahng, the mcreased susceptibihty 
to infection, and the accelerated vascular degeneration characteristic of 
diabetes meUitus may reflect a decreased abflity to S3mthesize acid muco- 
polysaccharides 


SUMMARY 

1 The turnover of the mucopolysaccharides, hyaluromc acid (HA) and 
chondroitmsulfuric acid (CSA), was estimated m the skm of diabetic, 
fasted, msuhn-treated non-diabetic and msuhn-treated diabetic rats, fol- 
lowmg the admmistration of the precursors, acetate-l-C'^ or glucose-U-C*^ 
and Na 2 S 3'04 

2 The uptake of by HA and CSA and of by CSA isolated from 
the skin of diabetic animals is approximately one-third that found m the 
normal animals Insulin treatment restored the values toward normal 

3 It is suggested that msuhn participates in the metabohsm of acid 
mucopolysacchandes 

The authors gratefully acknowledge the techmcal assistance of Mrs 
Kathryn Dewey 
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THE INDUCTION OF TRYPTOPHAN PEROXIDASE IN THE 
ISOLATED PERFUSED LIVER* 


By J B PRICE, Jb ,t and L S DIETRICH 

{From the Department of Surgery and Biochemistry, College of Physicians and 
Surgeons, Columbia University, New York, New York) 

(Received for publication, January 7, 1957) 

Tiyptophau pei oxidase (TP), an inducible hepatic enzyme (1, 2), re- 
sponds in the intact labbit or rat to the specific substrate L-tryptophan 
by a rapid increase in activity Smaller increase in tryptophan peroxidase 
activitj'^ may be mediated through the adrenal gland by a variety of non- 
substrate compounds (3), hypophyseal growth hormone and other hor- 
monal agents may also affect the level of trjrptophan peroxidase activity 
(3, 4) In an effort to eliminate all such variables except substrate con- 
centration, we have used isolated perfused liver of rabbit and rat to study 
the induction of tryptophan peroxidase The studies demonstrated TP 
mduction m these organs 


EXPERIMENTAL 

Livers were obtamed from non-fasted male white New Zealand rabbits 
weighing about 2 kilos Blood for perfusion was obtamed from animals 
of the same stram weighing 4 to 5 kilos In the rat liver perfusions, 200 
gm male albino animals of the Sherman strain served as hver donors, and 
blood was obtained from larger ammals (400 gm ) of the same stram The 
techmque of Young, Prudden, and Stirman (5) was used to perfuse the 
rabbit hvers Isotope and chemical studies have shown that protein 
synthesis occurs m this perfusion system (6) The same procedure modi- 
fied by a scahng down of the apparatus to appi oximately one-tenth of its 
origmal size was employed for perfusion of the rat hvers The perfusate 
consisted of a mixture of 50 to 60 per cent whole heparmized blood, a 
casern hydrolysate (5) which raised the armno acid mtrogen to 24 mg per 
cent, and L-tryptophan to a level of approximately 118 /imoles per ml of 
perfusate Specific test compounds were added as desired 

Tryptophan peroxidase activity was assayed by the method of Knox and 
Mehler (7) Aromatic amines were determined by diazotization (8) 

All data presented are from experiments characterized by (1) contmuous 

* A preliminary report has appeared {Federation Proc , 16, 330 (1956)) This work 
was supported by grants from the United States Public Health Service (Nos A 603 
and C-2446) 

t Fellow of the National Cancer Institute, September, 1954, to March, 1956 
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bile pioductjon, (2) perfusion at a low head of perfusate piessure, (3) good 
gloss appearance of the hvei at the end of the perfusion, and (4) pioduc- 
tion of large amounts of acyl conjugates of the tiyptophan metabolites 

RESULTS AND DISCUSSION 

Tryptophan peroxidase activity of hver samples is shown in Table I 
All post-perfusion values are markedly higher than imtial values, and the 
mean increase of 3 6 times was found for labbit hver Since the initial 
levels in the labbit hver are lower than those found in the rat, it seemed 
desiiable to deterimne whether inci eases in enzjonatic activity could also 
be produced by perfusion of the isolated lat livei As ivith rabbit hver, 
increases in peroxidase activity occuired, the activity being tripled in two 
perfusions of 2 5 and 4 houis duration 


Table I 

Tryptophan Peroxidase Activity before and after Perfusion with L-Tryptophan 


Species 

* XT T 

j No of 

1 perfusions 

i 

Length of perfusion 

1 

Activity* 

Increase 

i 

Initial 1 

1 

Final 


I 

hrs 



per coil 

Rabbit 

10 1 

6 

0 37 

1 33 

360 

Rat 

' 1 1 

2 5 

4 6 

13 6 

300 


1 

4 

4 6 

15 0 

1 

330 


* Values are expressed in micromoles of Jcynurenme formed per gm of wet weight 
of liver per hour No overlap in the initial and final figures w'as found 


A perfusion was performed on a rabbit hvei and a rat hver, low levels 
(0 1 pmole per ml ) of tryptophan being employed In both cases no 
change in tryptophan pei oxidase activity was obseived, the values after 
perfusion bemg identical with those observed before perfusion, 0 38 and 4 6 
pmoles of kynui emne f oi med pei hour per gm of wet weight of tissue f oi the 
rabbit and rat, lespectively 

The results show that induction of TP takes place m isolated perfused 
hver ^ The magnitude of the i espouse is only a tluid or a fourth of that 
usually seen in the intact animal but is about the same as that noted by 
Geschwind and Li for adienalectomized lats (4) 

Production of aryl amines by the hver was followed by hourly sampling 
of the perfusate Fig 1 shows the amount of aijd amines produced eaci 
hour plotted against time The rate of aryl amune pioduction mcreases 
as perfusion proceeds up to 4 hours, after which it deci eases Prehminarj 

' The induction of hepatic threonine dehydrase in perfused hver has recentlj 
reported (9) 
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expeiiments in winch a change to fiesh peifusate was employed after 4 
houis suggest that the accumulation of tryptophan metabohtes m the 
peifusate may suppiess tiyptophan pei oxidase induction, since aryl amine 
production will continue to inciease upon the addition of fresh perfusate 
Pietreatment of rabbits -wath the methionme analogue, ethiomne, or the 
addition of etluonine to the perfusate (Fig 1) contammg the usual amount 
of tiJTJtophan, greatly dmumshed aryl aimne production The addition 
of methiomne to the perfusate containing the ethiomne overcame the 
inlubition produced by the ethiomne 
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Fig 1 Aryl amine production in the perfused rabbit liver L-Ethionine and n- 
methionine were added to the perfusate at a level of 18 /jmoles per ml and 15 pmoles 
per ml , respectively 


The findmg that ethiomne inhibits the mduction of tryptophan peroxi- 
dase m perfused liver is in accord with the tn mvo observations of Lee and 
Wilhams (10), and can be taken as further evidence for the net synthesis 
of enz 5 Tne during the induction of tryptophan peroxidase 

The authors wish to express their appreciation to Dr John F Prudden 
for use of his laboratory and for his help and suggestions throughout this 
work 


SUMMARY 

Induction of hepatic tr 3 ^tophan peroxidase takes place in the isolated 
perfused rabbit or rat hver, as demonstrated by assaj'^s of trjTitophan 
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peroxidase activity of the hver before and after perfusion and by foUoinng 
the rate of aryl amine formation in the perfused liver This enzymatic 
mduction can be inhibited by ethiomne and the mhibition in turn reversed 
by methionine 
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liYDROXYMETHYL TETRAHYDROFOLIC DEHYDROGENASE* 


By Y HATEFI.t M J OSBORN, t L D KAY, and F M HUENNEKENS 

{From the Department of Btochennstry, University of Washington, 

Seattle, Washington) 

(Received for publication, February 7, 1957) 

The piecedmg paper of tins senes (2) described the conversion by the 
enzjone, senne hydroxymelhylase, of L-seiine to glycine and a coenzyme- 
bound 1-carbon fragment at the oxidation level of foimaldehyde (c/ Equa- 
tion 1) 

PHi 

CH:— CH— COOH + H^O CHj— COOH + CHjOH— PHi 

II I <« 

OH NHs NHj 

where FBb lepresents tetiahydrofohc acid^ and CH2OH — FH4 represents 
the foimaldehj'^de-coenzyme complex Evidence was adduced also for 
the existence of a corollary enzyme which oxidizes the CH2OH-FH4 com- 
plex according to Equation 2 

CHjOH-FHi + TPN+ CHO-FH4 + TPNH -f- H+ ( 2 ) 

where CHO-FH4 represents the formate-coenzyme complex The exist- 
ence of this enzyme, hydroxymethyl tetrahydrofohe dehydrogenase, m pigeon 
hver and beef hver extracts was demonstrated first by Jaenicke and Green- 
berg et al (3-5) The present paper describes the spectrophotometric 
assay, partial purification, and properties of this dehydrogenase 

* This work has been supported by a grant from the Life Insurance Medical Re- 
search Fund A preliminary report was presented at the Forty -seventh meeting of 
the American Society of Biological Chemists at Atlantic City, April, 1956 (1) 

Paper II in the senes, “Folic acid coenzymes and active one-carbon units ” For 
Paper I, see Huennekens et al (2) 

t A portion of this material is taken from the dissertation of Youssef Hatefi, of- 
fered in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy Present address. Institute for Enzyme Research, University of Wisconsin 

f Research Fellow of the National Institute of Arthritis and Metabolic Diseases, 
Public Health Service 

1 The following abbreviations will be used FH 4 , 5,6,7,8-tetrah3^drofolic acid, 
FFH 4 , N'-formyl tetrahydrofohe acid (folinic acid) , /*'>FH 4 , A^‘’-formyl tetrahydro- 
folic acid,/® i»FH 4 ,N®-N'“-methenyl derivative of FH 4 (anhydroleucovorin) , hFH 4 , 
hydroxymethyl tetrahydrofohe acid (positions of the — CH 2 OH group on FH4 not 
specified) , TPN, TPNH, DPN, DPNH, oxidized and reduced tri- and diphosphopyri- 
dine nucleotides, PyP, pyridoxal phosphate, ATP, adenosine triphosphate, PCMB, 
p-chloromercuribenzoate, PChlPS, p-chloromercuriphenylsulfonic acid, GSH, GSSG, 
reduced and oxidized glutathione 
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EXPERIMENTAL 

Materials — GSSG was obtained from the Schwarz Laboratories, Inc , 
PCMB and POMPS from the Sigma Chemical Company, and fohc acid 
from the Cahfornia Foundation for Biocheimcal Research Calcium phos- 
phate gel was prepared by the method of Keihn and Hartree (6) /TH4 
and P ^®FH4 were generously provided by Dr E L R Stokstad of the 
Lederle Laboratories Division, American Cyanamid Company ‘''FH4 
was converted quantitatively to by treatment with dilute base in 

the presence of 2-mercaptoethanol to prevent oxidation of the product (7) 
All other chemicals were obtained from the sources mentioned in Paper I 
of this series (2) 

FH4 was prepared by the catalytic hydrogenation of fohc acid suspended 
in glacial acetic acid (8), essentially accordmg to the method of O’Dell 
et al (9) After hydrogenation was complete, the solution was trans- 
ferred to a dry box in an atmosphere of N2 and filtered directly into a flask 
which was immersed in a mixture of dry ice and acetone The flask con- 
tents were then lyophihzed to yield a white, fluffy preparation of FH4 
Preparations — ^Beef hver acetone powder extracts and Dowex-treated ex- 
tracts were prepared as described previously (2) Extracts of pigeon 
liver acetone powder were prepared in an identical manner, except that 
high speed centrifugation (10,000 X g for 20 minutes) was necessary to 
obtain clear solutions Unless otherwise specifled, beef hver preparations 
were used in all experiments reported in this paper 
Partial purification of the hFIL dehydrogenase was earned out as fol- 
lows 100 ml of beef hver extract were adjusted to pH 6 2 with 1 N acetic 
acid, and the precipitate, obtained after centrifugation at 2300 X 9 (Inter- 
national refrigerated centrifuge, model PR-1) for 10 mmutes, was dis- 
carded The supernatant fluid was treated with 20 ml of calcium phos- 
phate gel (30 mg per ml ), the pH being mamtamed at 6 2, and, after 
gentle mechamcal stirrmg for 5 minutes, the gel was recovered by centrif- 
ugation After the gel was washed three times by suspension and centrif- 
ugation with 50 ml of water, the enzyme was eluted successively with 30 
and 20 ml of 0 1 m phosphate buffer, pH 7 5 
The activity of the partially purified enzyme declmed rapidly during 
storage at 0-5°, or at — 20°, m contrast to the original extract which was 
stable over a period of several weeks when stored m the frozen state 
Addition of glycerol (33 pei cent v/v) to the purified preparation largely 
prevents the deterioration upon storage 
TPNH oxidase^ was isolated from brewers’ yeast by the method 0 
Green et al (10) 

- Unpublished resvilts from, this laboratory have shown that the flavoprotem 
lated by Green et al (10) is a TPNH oxidase (or diaphorase), which requires me 0 
ene blue as an electron carrier 
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Methods — The mauometuc assa 5 ’' system was identical to that described 
pieviously (2), except foi the omission of ATP and the addition of TPN 
(0 6 /iniole) and FH 4 (0 65 /miole) The spectrophotometnc assay system 
foi TPN 1 eduction (Equation 2 111 the forward direction) consisted of the 
following components 10 /inioles of L-serine (or 5 ^moles of HCHO), 0 6 
jumole of 0 6 /imole of TPN, 100 /imoles of sodium phosphate 

buffer, pH 7 5, 0 2 ml of extract 01 0 05 ml of partially purified enzyme, 
and water to make 3 0 ml For assay of the DPN-hnked HCHO dehydro- 
genase (11), the cuvettes contained 5 /imoles of HCHO, 0 75 /imole of 
DPN, 10 /imoles of GSH, 100 /imoles of phosphate buffer, pH 7 5, 0 2 ml 
of extract, and vatei to make 3 0 ml Blanks weie identical except for 
the onussion of substrate For measuring the reaction represented by 
Equation 2 m reveise, the follovung components were used 1 /imole of 
d]>/“’FHi, 0 55 /imole of TPNH, 150 /imoles of phosphate buffer, pH 7 5, 
10 /imoles of 2-mercaptoethanol, 0 2 ml of enzyme, and water to make 3 0 
ml The blank was identical except for the omission of /^‘’FH 4 

Spectrophotometnc expeiiments were carried out at 340 m/i m 1 cm 
Corex cells in the Beckman DU spectrophotometer The extinction co- 
efficient for TPNH or DPNH at 340 m/i was taken as 6 22 X 10® sq cm 
per mole (12) 

/“>FH 4 was estimated by conversion to ^®FH 4 upon acidification and 
was measured spectrophotometrically at 350 m/i, ^vlth an extinction co- 
efficient of 22 0 X 10® sq cm per mole (13) 

RESULTS AND DISCUSSION 

Reduction of TPN with Serine — ^As shown m Fig 1, the enzyme prepara- 
tion was able to catalyze the reduction of TPN m the presence of L-serine 
Under the same conditions, glycine failed to reduce TPN This indicated 
that the 1-carbon fragment, derived from the /3-carbon of serine (cf Equa- 
tion 1), was the actual substiate for the oxidation shmvn m Equation 2 
These results are consistent with our previous data (2) 

In Fig 1, evidence is presented also that the increase m hght absorption 
at 340 m/i is due actually to the production of TPNH After the reaction 
had been allowed to proceed nearly to completion, a purified TPNH oxi- 
dase preparation, isolated from yeast, and methylene blue were added at 
the time indicated by the arrow, and the subsequent decline m hght absorp- 
tion was noted The same experiment was repeated, except that GSSG 
was added at the arrow and the rapid disappearance of TPNH was again 
observed, due to the action of endogenous glutathione reductase (cf Equa- 
tion 3) 

GSSG -t- TPNH q- H+ -> 2GSH -b TPN (3) 

® FHi, prepared chemically by the hydrogenation of folic acid, is a dl mixture, 
owing to the asymmetric carbon atom at the 6 position 
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Reduction of TPN vnth Formaldehyde — Recently, Kishuk (14) and 
Jaemcke (5) have shown that HCHO and FH 4 react together to form hFIb 
(c/ Equation 4) 


HCHO + FH4 hFHi (4) 

which serves as the cosubstiate with glycine for serine biosjoithesis, le 
Equation 1 in reverse It was anticipated, therefore, that HCHO, in the 
presence of added FIR, would replace serine as a substrate for the TPN- 



TIME (MIN) 

Fig 1 TPN reduction with serine Standard spectrophotometric assay system, 
except that FH4 i\as omitted and the enzy^me was not pretreated with Doivex 1 
The following additions were made to two identical experiments at the time indicated 
by arrows O, 0 4 ml of TPNH oxidase and 0 1 ml of 0 01 per cent methylene blue, 
• , 5 /imoles of GSSG 

linked hFIR dehydrogenase In a typical experiment, m which the proto- 
col for Fig 1 was used, 0 25 and 0 13 pmoles of TPNH were produced m 
20 imnutes when serine and HCHO, respectively, were used as substrates 
The activity with HCHO as a substrate is somewhat lower than that vith 
serme, indicating either that excess HCHO inhibits the dehydrogenase 
reaction or that the combination of HCHO and FH4 is the rate-hmiting 
step 

With serine as a substrate, TPN cannot be replaced by DPN A more 
complex situation obtains, however, when HCHO is used as a substrate, 
since, in addition to the TPN-lmked hFH 4 dehydrogenase, the crude en- 
zyme preparation contains the DPN-linked, GSH-requinng HCHO dehy- 
drogenase, described previously by Strittmatter and Ball (H) Treat 
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mcn( of llic cuide cxtiact with calcium phosphate gel (see “Expeiimental”) 
laigcly removes Iho DPN’-lmked enz 3 mic 
In Dove\-tica(ed en^jone piepaiations, the leduction of TPN vith 
either scime oi IICIIO as substrate is absolutelj’’ dependent upon added 
FHj (see below) Also, as discussed below, the addition of graded 
amounts of PChlPS to the system pioduces essentially the same degree of 
inlubition of TPN reduction whether serine or HCHO is used as substrate 
Thus, although serine and HCHO are each one step removed from the 
deh 5 "drogenase leaction, it seems leasonable to assume that each gives 


Table I 

Requirement for PyP and FHt 


1 

Experiment No 

Additions 

TPNH ' 

Oj uptake 

A log h/I 

I 

None 

0 268 

tntcraaioms 

7 6 


PyP 

0 449 

14 0 

II 

None 

0 016 

2 4 

! 

FH4 

0 720 

18 2 


Standard assay sj'stems Experiment I, enzyme pretreated with semioarbazide 
(see Huennekens el al (2) for the details), and 0 04 /xmole of PyP was added as indi- 
cated Duration of spectrophotometric experiment, 60 minutes, manometric ex- 
periment, 600 minutes Experiment II, enzyme pretreated with Dowex 1, and 0 65 
pmole of FH< was added as indicated Duration of spectrophotometric experiment, 
30 minutes, manometric experiment, 250 minutes 


rise to the common intermediate, hFH 4 (via reactions of Equations 1 and 
4), which IS the actual substrate for the dehydrogenase reaction (Equation 
2) Until hFH 4 becomes readily available m purified form, serme or 
HCHO remains as the only convement source of the actual substrate for 
the hFH 4 dehydrogenase 

Cofactor Requirements for Coupled Sijstem — The reqmrement for pyri- 
doxal phosphate in the serme hydroxymethylase reaction (Equation 1), 
previously demonstrated by the manometric assay, could be shown as weU 
m the spectrophotometric system wherein the hydroxymethylase agam is 
coupled with the dehydrogenase (c/ Table I) As before (2), the enzyme 
was pretreated by dialysis against semicarbazide to remove, or mactivate, 
the bound PyP Approximately the same percentage stimulation x\ath 
added PyP is observed in both the manometric and spectrophotometric 
test systems 

In a similar manner, the reqmrement for FH4, the other cofactor in 
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Equation 1, is demonstrated by paiallel manometiic and spectiophoto- 
metric assays (c/ Table I) The dependence of leaction velocity upon 
concentiation of FHi in the spectiophotometric system is illustiated in 
Fig 2 From a Lmeweaver-Burk double reciprocal plot of these data 
(see the inset m Fig 2), the Michaehs constant (Km) for DL-FH 4 is calcu- 
lated to be 2 7 X 10"^ m The value for the active isomer^ would be 1 4 X 
10~^ M It should be noted that the K„ for FH 4 m our system is of the 



Fig 2 Effect of FH< concentration Standard assay system, with a Doisev 
treated enzyme and varying amounts of DL-FH 4 , as indicated The optical density 
change (A log I^/I) at 340 mu was taken over the first 10 minute period after addition 
of enzyme In the absence of added FHi, the blank had a value of 0 005 Inset, 
double reciprocal plot of FH 4 concentration (abscissa) versus A log lo/I (ordinate) 

same order of magmtude as that calculated from the results reported by 
Alexander and Greenberg (15) for the senne hydroxymethylase from 
sheep hver (A„ ^ 6 7 X 10-^ m) The value for FH 4 m Equation 4 
has not been deterimned, since it is not yet known whether the reaction 
is chemical,^ enzymatic, or a combination of both The absolute requiTC- 
ment for FH 4 m Equation 4 can be demonstrated, however, by experiments 
analogous to those m Table I With ECHO as substrate for the coupled 
reactions of Equations 2 and 4, changes m optical density of 0 289 and 

< It has been shovn that ECHO and FH 4 interact rapidly to form a comples spec 
troscopically similar to hFH4 prepared enzyunatically by a reversal of Equation 2 
(M J Osborn, P T Talbert, and F M Huennekens, unpublished observations) 
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0 00') A\cic obtained in 20 minutes m the piesence and the absence of added 
FII4 

Plod ltd of Dehydrogenase Reaction — ^The pioduct of the hFH 4 dehydro- 
genase leaction, 'wiitten as CHO — FEU m Equation 2, was identified pre- 
viously (3-5) and coiifiiined in tins investigation as the iV"’-formyl isomer 
of FH4 At the conclusion of a tjqncal reaction (see the protocol for 
Fig 1 ), the solutions 111 the blank and expel imental cuvettes were depro- 
temized by tieatment vuth cold perchloric acid to a final concentration of 
3 pel cent With the protem-fiee filtrates, the absorption spectrum of the 
expel imental sample was deteinuned relative to the blank A single 
absorption band was observed, centeied at 350 m^ It should be noted 
that the original absoiption of TPNH at 340 my is completely destroyed 
upon acidification Furtheimore, the addition of GSSG to the reaction 
nuxture befoie acidification discharges the TPNH via the glutathione 
reductase leaction (cf Equation 3) and results m a solution having es- 
sentiall}'' no absorption between 300 and 400 mju before acidification 
T^fiien this latter solution is acidified, the band at 350 m^ again appears 
Since it has been shoivn by other investigators (7, 13) that the bridge 
compound P '"FIE (Xmas at 350 my) is produced immediately upon acidifi- 
cation of /“’FH4, but only very slowly from/^FIE (cf Equation 5), it would 
appear that the 

/6FH4 — /^"'FH 4 poFHi ® 

Slow Fast 

product of the hFIE dehydrogenase reaction is the A'"-formyl isomer of 
FH4 

The amount of /'"FIE at the completion of a reaction (calculated from 
the known extinction coefficient of f '"FIE) was always considerably less 
than the amount of TPNH, as shown by two separate experiments (Ex- 
periments 1 and 2, Table II) This effect has been shown to be referable 
to the action of an /'"FH4 deacylase (cf Equation 6) 

/»<'FH4 -I- H 2 O HCOOH -1- FH4 (6) 

present m beef liver preparations The properties of this enzyme will be 
discussed in a separate commumcation In -pigeon liver preparations 
from which the deacylase is absent, there is an exact stoichiometry between 
the amount of /'"FIE and TPNH {cf Experiments 3 and 4, Table II) 

Because pigeon liver extracts are devoid of /'"FIE deacylase activity, 
thus per mi tting the accumulation of /'"FIE, it is possible to demonstrate 
the effect of FH4 upon the eqmhbrium of the coupled reaction involvmg 
serine hydroxymethylase and hFIE dehydrogenase For the experiment 
illustrated m Fig 3, a Dowex-treated pigeon fiver extract was used and 
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TPNH production was measuied Initially L-serme, TPN, and buffer 
were piesent, othei substances weie added at the times mdicated by the 
arrows ^Vhen both FH 4 and enz 3 Tne weie added, TPNH production was 
observed until an equihbrium is reached Addition of fresh enzyme did 


Tabue II 

Stoichiometry of and TPNH 


Ew>enmeiit No ! 

Enzyme* 

A TPNH 

Ap'FHjt 



mnole 

ttmoU 

1 

Beef liver 

0 23 

0 09 

2 

<{ tt 

0 42 

0 05 

3 

Pigeon liver 

0 51 

0 49 

4 1 

i< a 

0 08 

0 10 


Four separate representative enz3'me preparations were tested bj’' using the stand- 
ard spectrophotometnc assay system with the addition of 10 /tmoles of 2-mercapto 
ethanol 


* Dowex-treated 
t Estimated as P ‘"FH* 



Fig 3 Effect of FH4 upon equilibrium of coupled reaction The experimental 
cuvette contained lOiimoles of L-serme, 1 2/xmoles of TPN, 150 nmoles of phosphate 
buffer, pH 7 5, 10 nmoles of 2-mercaptoethanol, and water to make 2 6 ml At the 
indicated points, the following additions were made 0 03 ml of enzj'me (F) and 1 2 
nmoles of dl-FH^ L-Senne was omitted from the blank 

not appreciably alter the optical density reading However, addition of n 
second increment of FH 4 (equal to the amount originally added) again 
imtiated the reaction and produced approximately the same amount 0 
TPNH At the conclusion of the experiment, it could be calculated from 
the net optical density change that a total of 0 51 nmole of TPNH had 
been formed The amount of T®FH 4 , determined as ^'*FH4, was found 
to be 0 49 ymole 
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In 01 del to deteinnne whcthci the dehydiogenation was leadily leversi- 
ble and to obtain fuithei evidence for the involvement of the iV'‘’-foimyl 
isomei 111 Equation 2, a spectiophotometnc study was made of the con- 
veision of TPNH to TPN in the piesence of /’“PIE (see “Expeiimental”) 
In two sepal ate expeiiments, 0 082 and 0 077 /imoles of TPNH disappeaied 
111 30 nnnutes in the expeiimental cuvettes lelative to the blank Under 
the same conditions, /TIE was unable to bimg about any net disappear- 
ance of TPNH Tins expeimient, in addition to the previous demon- 
stration that /^‘’FH 4 rather than /TIE is the product of the hPIE dehy- 
drogenase leaction, would strongly suggest that the substrate foi the 
enz^mieis the N*®-h 3 '-droxymethyl isomer of FIE rather than the isomer ® 
Hovevei, final elucidation of tins must await the unambiguous chemical 


Table III 

Inhibition by p-Chloromercuriphenyl Sulfonate 


Inhibitor added 

Substrate 

Serine 

HCHO 

TPNH formed 

1 

Inhibition 

1 

TPNH formed j 

Inhibition 

jimoU 

iitnole 

ter cent 


per cent 

None 





0 2 


72 


67 

0 6 

0 00 

100 

0 00 

100 


Standard spectrophotometnc assay systems with amount of inhibitor added as 
indicated Time of experiment, 30 minutes 


synthesis of the two hydroxymethyl isomers and their assay with a puri- 
fied hFIE dehydrogenase 

Inhibition by p-Chloromercunphenyl Sulfonate — The hFIE dehydro- 
genase system, as represented by Equations 1 and 2 or Equations 4 and 2, 
contains a sensitive essential thiol group, as shown by the foUowmg data 
After dialysis of the enzyme against 1 X 10“® m PCMB, followed by dial- 
ysis against phosphate buffer, TPN reduction in the presence of serine 
was completely abohshed and was not restored by the addition of GSH 
to the assay system A control experiment, wheiem the enzyme prepa- 
ration was dialyzed for the same period of tune against only phosphate 
buffer, showed no loss of activity due to prolonged dialysis The same 
inhibitory effect could be shown also by the direct addition of POMPS to 

‘ Note added in proof Recent experiments have shown that when the dehydro- 
genase IS freed from the contaminating enzyme cyclohydrolase (16), which carries 
out the reaction,/® •“FHi + H20^P“FH4 -F H+,/® ^“FH 4 , rather than /'“FHi, is the 
reaction product, conversely, only/® '“FHi serves as substrate for reversal of the de- 
hydrogenase under these conditions 
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the assay system (Table III) Parallel experiments were carried out with 
serine and HCHO as substrates in the presence and absence of mhibitor 
Essentiallj'^ the same degree of inhibition for each substrate was observed 
Yuth the variation m the amount of inhibitor This experiment suggests 
that POMPS inhibition occurs at a site common to the pathway of both 
substrates, i e the dehydrogenase 

The above evidence offers an additional point of differentiation between 
the TPN-linked hFH 4 dehydiogenase and the DPN-hnked HCHO dehy- 
diogenase of Stiittmatter and Ball (11) Although the latter enzyme 
in highly purified form leqmies GSH as a cofactor, we have found that, 
m crude enzyme preparations, presumably containing endogenous or 
bound GSH, the enzyme is not stimulated appreciably by added GSH 
Under conditions of Table III, the addition of POMPS, at low levels (0 6 
/imole) which caused complete inhibition of the TPN-lmked enzyme, did 
not cause any inhibition of the DPN-hnked counterpart The latter 
enzyme could be inhibited, however, by higher levels of POMPS Thus, 
the inhibition experiments provide an additional means of distinguishing 
between the two formaldehyde dehydrogenases, whose mechanisms may 
be represented by the following schemes 


H 

1 

HO— C— OH 


GSH 
^ 


H 

1 

HO— C— SG 


DPN DPNH 



H 


H 


H2O 

0==C— SG > HCOOH + GSH 


H 

Formaldehyde dehydrogenase 


H 

1 

HO— C— OH 

I 

H 


H 


PH, 


TPN TPNH 


-> HO — C — ^FH, 

i 

H 


FH« 

Senne 


0=C— PH, 


H2O 


HCOOH + FH, 


H 

Hydro\ymethyl tetrahydrofolic dehydrogenase 
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The authois aie indebted to Di P T Talbert and Di H E, Whiteley 
foi man}" stimulating discussions and to Mis Enid Veicamei for her 
capable assistance on tins problem 

SUMMARY 

1 Hydio\ 3 ’-ineth 3 d tetiahydiofohc dehydrogenase has been studied in 
soluble piepaiations obtained fiom beef hvei acetone powdeis Paitial 
puiitication of the enzyme was achieved by means of piecipitation at pH 
6 2 and b 3 '’ adsoiption and elution fiom calcium phosphate gel 

2 The enz 3 nne catalyzes the leduction of tiiphosphopyiidine nucleo- 
tide (but not diphosphopyiidme nucleotide) in the piesence of the sub- 
stiate, h 3 '^dio\ 3 miethyl tetrahydiofolate, winch may be generated (1) 
fiom L-seiine and tetiahydiofohc acid -with use of the enzyme, serine 
hydro\ 3 meth 3 dase, or (2) fiom formaldehyde and tetrahydrofohc acid 
The product is iV^“-formyl tetrahydrofohc acid, and the reaction is readily 
reversible 

3 The enz 3 me is inhibited by p-chloromeicuriphenyl sulfonate, mdi- 
cating the presence of an essential thiol gioup 
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THE ISOLATION AND DETERMINATION OF URINARY 
HYDROXYia^NURENINE* 

By R R. BROWN 

(Frovi the Cancer Research Hospital, Medical School, University of Wisconsin, 

Madison, Wisconsin) 

(Received for publication, February 25, 1957) 

The enz 3 ’^matic synthesis of 3-hydroxykynuremne from L-kynurenme by 
hver and kidney mitochondria was recently demonstrated (1) This 
o-aminophenol is reported to be an intermediate in the conversion of tryp- 
tophan to macm (2, 3), is a precursor of xanthuremc acid (4), and leads to 
the formation of pigments in insects (5, 6) In certain human patholog- 
ical conditions it is excreted in elevated amounts in the urine (7, 8) and 
has been isolated from the urine of patients with hemoblastic disease but 
was not detected in normal urine (8) 3-Hydroxykynuremne and 3-hy- 
droxyanthramhe acid were recently reported to be present in greater than 
normal amounts m the urme of patients ivith bladder cancer (9), and 3-hy- 
droxyanthranihc acid was caremogeme when implanted mto the bladders 
of mice (10) 

In the development of quantitative ion exchange column procedures for 
the deternunation of tryptophan metabohtes in urme (11), the kynuremne 
fractions frequently became yellow upon addition of mtrite, and paper 
chromatograms of these fractions revealed a yellowish green fluorescent 
spot corresponding to 3-hydroxykynuremne These observations pro- 
vided the basis for the development of a method for the determination of 
3-hydroxykynuremne in human urme without the use of additional col- 
umn procedures The method of determination depends upon the in- 
crease m yellow color of 3-hydroxykynuremne m the presence of mtrous 
acid and is siimlar in principle to the method recently described by Ina- 
gami (12) for the deternunation of 3-hydroxykynuremne in silkworms 
except that ion exchange chromatography is used to remove interfering 
chromogens The ion exchange procedure was used on a larger scale to 
isolate 3-hydroxykynuremne in good yield from urme of patients who ex- 
creted large quantities of 3-hydroxykynuremne 

EXPERIMENTAL 

The materials and apparatus used were those described previously (11) 
3-Hydro\y-DL-kynuiemne was kindly supplied by Dr L M Henderson 

* Supported in part by grants from the American Cancer Society, upon recommen- 
dation of the Committee on Gro\\th of the National Research Council, and the 
Damon Runyon Memorial Fund for Cancer Research, Inc 
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Most of the urine samples used for the isolation of 3-hydroxykynureiune 
were from patients mgesting isomazid for another study (13) 

Determination of 3-Hydrozykynurenine — Fraction E (kynuremne frac- 
tion) was obtained as previously described (11) To determine the re- 
covery of 3-hydroxykynurenine from the column, an additional column 
was used to which was apphed a duphcate urme sample with 400 to 800 y 
of hydroxykynmemne added 3 0 ml of Fraction E were pipetted into 
each of three colorimeter tubes, and 0 2 ml of 0 25 per cent NaN02 was 
added to Tubes 2 and 3 3 nunutes after mixing the mtrite, 0 2 ml of 10 

per cent ammomum sulfamate was added to aU of the tubes The first 
tube was then made to the same volume as the others by the addition of 
0 2 ml of water The optical density at 367 m/i was then measured in a 
modified Beckman DU spectrophotometer by usmg the fidst tube as a 
blank A standard cmve was run at the same tune with hydroxykynuremne 
in 5 N HCl (10 to 40 y per tube) From the standard curve, the column 
recovery and the mg per 24 hour unne sample were calculated 
Isolation of S-Hydroxy-ij~kynurenine from Urine — ^Patients leceiving 
large doses of isomazid were shown to excrete large amounts of hydroxy- 
kynuremne, especially after oral supplementation with 2 0 gm of L-tryp- 
tophan (13) From one to four 24 hour urmes from such subjects, after 
ingestion of 2 0 gm of L-tryptophan, were pooled, acidified to 0 1 n with 
HCl, and passed through a column of Dowex 50 (H+) 5 5 cm in diameter 
and 11 cm long The sample was followed by 11 hters of 0 5 N HCl and 
then by 50 hters of water This large volume of water was shown to re- 
move certam qumohne derivatives (14) The column was then washed 
with 2 8 hter volumes of 1 0 n, 2 4 n, and 5 0 n HCl The last fraction 
contained the hydroxykynuremne and gave a strong yellow color reaction 
with sodium mtrite This fraction was vacuum-distilled to dryness at 
25° to 30° under mtrogen, and the sticky brown residue was dissolved m 
5 to 10 ml of 0 1 N HCl A few mg of charcoal and of (ethylenedimtnlo)- 
tetraacetic acid were added, and the suspension was filtered Upon ad- 
justing the filtrate to pH 3 5 with saturated sodium acetate solution, golden 
yellow needles of 3-hydroxykynureiune appeared The product was al- 
lowed to stand in the refrigerator for a few hours before the crystals were 
centrifuged, washed with a small volume of water, redissolved in a few ml 
of 0 5 N HCl, and then treated with charcoal and (ethylenedmitnlo)tetra- 
acetic acid before reprecipitation at pH 3 5 The yield at this point was 
60 to 65 per cent of the total hydroxykjmureiune present in the urine as 
indicated by the analytical method described above An additional 5 to 
10 per cent could be obtained by concentration of the mother hquors 
The use of (ethylenedimtnlo)tetraacetic acid with charcoal was found to 
remove colored impurities more effectively than either one alone 

Paper chromatograms of these products usually indicated the presence 
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of traces of kjniuienine which could not be removed by recrystalhzation 
under anj’’ of several different conditions The kynuremne could be re- 
moved as its sucrose complex (15) under conditions similar to those de- 
scribed bj'’ Weichcrt (16) for the resolution of deoxy-oL-kynurenine 100 
mg of the impure hydroxykynuremne and 1 2 gm of sucrose were dis- 
solved m 12 ml of water with slight warming Absolute ethanol (200 
ml ) was added to this solution and the stoppered flask was allowed to 
stand at —15° foi 1 week The small crystals which formed on the walls 
of the flask were removed by filtration, and the filtrate was acidified with 
HCl and vacuum-distilled under nitrogen to a thick sirup This was dis- 
solved in a total of 6 ml of water and adjusted to pH 3 5 with sodium ace- 
tate solution The crystals were washed with a few drops of water and 
ethanol and dried (weight, 73 mg ) Paper chromatograms of the product 
showed a single spot which corresponded to the faster movmg component 
of 3-h5'^dro\y-DL-kynuremne (17) For analysis, this product was recrys- 
taUized from 70 per cent ethanol and dried to constant weight in vacuo at 
60° over PaOs 


RESULTS AND DISCUSSION 

The absorption spectra of the isolated S-hydroxykjmuremne in phosphate 
buffers at pH 2 0, 7 4, and 12 0 were identical vuth those of s3Tithetic 3-hy- 
droxy-DL-kynuremne at all wave lengths between 210 and 500 mu 

CioHi204Nj Calculated C 53 57, H 5 40, N 12 50 
Found > “ 53 64, “ 5 10, “ 12 35 

The specific rotation of a 0 17 per cent solution in water was [a]^^ —34 0° 
The addition of 2 eqmvalents of hydrochloric acid changed the specific 
rotation to -f-8 5° 

The method for the deternunation of hydroxykynurenme gave a hnear 
standard curve for concentrations of from 1 to 33 7 per ml The recovery 
of added hydroxykynurenme from the ion exchange columns averaged 
96 7 per cent for thirty-seven consecutive deterimnations (range, 83 to 
119 per cent) The othei known components of Fraction E, which include 
kynuremne, kynuremc acid, and xanthuremc acid, did not interfere vnth 
the determination The use of this method m connection with the meth- 
ods previously described for other tryptophan metabohtes (11) makes 
possible the routine determination of 3-hydroxykynuremne m urme with 
little additional effort Under certain conditions this compound has been 
found to be the chief urinaiy metabohte of tryptophan (13) 

The analytical method indicated that normal human subjects excreted 
1 to 6 mg of hydioxykynuienine pei 24 hours, in good agreement with the 

* Analyses by Clark Microanalytical Laboratory, 104J West Main Street, Urbana, 
Illinois 
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values reported by Boyland and Wilbams (9) In the 24 hour period fol- 
lovnng a test dose of 2 0 gm of L-tryptophan, normal subjects excreted 5 
to 14 mg It was possible to isolate as much as 70 per cent of the amount 
of hydroxykynurenme reported by the analytical method when large 
amounts were present m the urme This suggested that the method is 
reasonably accurate Attempts to isolate the compound from urme of 
normal, unsupplemented subjects were not successful, although its pres- 
ence was readily detected by paper chromatography of concentrates of 
Fraction E 


SUMMARY 

A method was described for the deternnnation of 3-hydroxykynuremne 
in urine based on the mcrease in color caused by the addition of mtrite to 
a sample of urme previously purified by ion exchange chromatography 
The method mdicated that normal human subjects excrete 1 to 6 mg of 
hydrox 3 ''kynuremne per day and 5 to 14 mg in the 24 hours after the in- 
gestion of 2 0 gm of L-tryptophan The ion exchange procedure was used 
on a larger scale to isolate 3-hydroxy-L-k3muremne from the urme of pa- 
tients who excreted large amounts of this compound 

The author is mdebted to Dr J M Pi ice and Mis M L Biyan for 
valuable advice and assistance durmg these studies 
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RELATION OF URIC ACID METABOLISM TO RELEASE 

OF IRON fro:m hepatic ferritin-^ 
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In a p^e^aous study (1) we observed a marked increase in plasma iron of 
dogs subjected to drastic hypotension m the course of fatal experimental 
hemorrhagic shock It was suggested that the oiigin of the mcreased 
plasma non was storage ferritin of the hver and that the stimulus for its 
release was hver hypoxia Anaerobic incubation of ferritm with hver shces 
resulted in an increase of its ferrous iron content which was now capable 
of dissociation for combmation with iron-bmding agents such as a,a'-di- 
pj’-ridyl or the plasma iron-bmding protem 

In the present study the mechamsm of ferritin iron i eduction and the 
nature of the compounds involved m this reaction have been mvestigated 
It has been found that anaerobic rat hvei shces produce large quantities 
of uric acid, hypoxanthine, and xanthme, which are freely diffusible into 
the medium Of these compounds, only uric acid reduces ferritm iron 
directly However, in the presence of ferritm, the oxidation of hypoxan- 
thme or of xanthme by xanthme oxidase takes place anaerobically, m this 
reaction ferritm acts as an electron acceptor and its iron is reduced to the 
ferrous state The reduction of ferritm iron is, therefore, brought about 
both by the dehydrogenase activity of xanthme oxidase and by the accu- 
mulated unc acid formed by this enz 3 mie 

EXPERIMENTAL 

CrystaUme horse spleen ferritm was prepared by a method described m 
previous studies (2) All tissues used were from Wistar stram female rats, 
weighing 150 to 200 gm Tissue shces were prepared as for the usual micro- 
respiration studies, with the exception that the organs were first perfused 
tn situ with ice-cold Rmger-phosphate solution In the case of the small 
mtestme, the contents were washed with cold Rmger-phosphate solution, 
the mtestme was cut longitudmally and washed agam, and then cut into 
small strips before bemg weighed For mcubation experiments, 1 0 gm 

* Aided by grants from tbe Josiah Macy, Jr , Foundation, the National Institutes 
of Health, United States Pubhc Health Service (grant No H-1934), and the Office of 
the Surgeon General of the Army (contract No DA-49-007-hID-388) 

A preliminary report of this work appeared (Science, 124, 1149 (1956)) 
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of liver slices, 0 5 gm of kidney coitex slices, 0 25 gm of spleen slices, 
or 0 5 gm of mtestmal stnps was incubated m 50 ml Erlenmeyer flasks 
with 5 ml of Ringer’s phosphate at 37° with contmuous shaking 

Uric acid, xanthine (sodium), and hypoxanthine were obtained from 
the Schwarz Laboratones, Inc Uncase (assaymg 125 umts per ml ) and 
milk xanthme oxidase (assaying 15,000 umts per ml ) were partially puri- 
fied preparations from the Worthington Biochemical Corporation, and 
catalase was a crystalhne pieparation from the same source and assayed 
5000 units per ml Reduced triphosphopyndme nucleotide (TPNH) cyto- 
chrome c reductase was a gift from Dr B Horecker TPN, glucose 6- 
phosphate, and glucose-G-phosphate dehydrogenase were obtamed from 
the Sigma Chemical Company Calf hver xanthme oxidase was a par- 
tially purified preparation made accordmg to KieUey (3) 2-Amino-4- 
hydroxy-6-pteridme aldehyde was a gift from the American Cyanamid 
Company 

Measurements of Fe'^ in Ferntin — Fe++ m ferritm was not measured 
quantitatively, but mstead the amount of Fe++ bound by a,Q:'-dipyndyl 
was determmed colorimetrically The amount of Fe++ of ferritin which is 
bound by dipyridyl represents a comparative measure of its Fe++ content 
and varies with the concentration of the ferritm and the pH of the solu- 
tion (1) , more Fe++ is bound at acid pH than at neutral or shghtly alkahne 
pH In order to conserve ferritm durmg the fohowmg fractionation 
studies, the dipyndyl reaction was carried out at pH 4 6 For measure- 
ment of the reduction of ferritm iron, 1 ml of a stock ferritm solution con- 
taining 6 0 mg of total iron was added to 1 ml of 1 M acetate buffer, pH 
4 6, and 1 ml of 0 2 per cent a,a'-dipyridyl dissolved m water 1 ml 
the solution to be tested for reducmg activity was then added and the 
mixture incubated for 1 hour at 37° 4 ml of a saturated solution of am- 

monium sulfate, previously adjusted to pH 4 6 with sulfuric acid, were 
then added m order to precipitate the ferritm, and the mixture was centri- 
fuged The clear, pmk-colored supernatant solution, contammg the Fe"^- 
dipyridyl complex, was read m a Klett photocolorimeter, with use of a No 
52 filter, agamst a blank solution which contamed all the reagents except 
ferritm Fe++ content was calculated by comparison with a standard solu- 
tion of Fe++ treated with the same reagents Reduction of ferritin iron 
at pH 7 4 was also measured by incubatmg 1 ml of ferritm with 1 ml of 
0 5 m phosphate buffer, pH 7 4, 1 ml of dipyridyl, and 1 ml of the solu- 
tion to be tested for reducmg activity After 1 hour the reaction mixture 
was qmckly treated with 6 ml of an ice-cold solution contammg 1 P^^t 
acetate buffer, pH 4 6, and 5 parts saturated ammomum sulfate, and the 
entire mixture was centrifuged The clear supernatant fluid was read m 
a colorimeter as above 
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Picpmahon of Feinhn h on-Reducing Substance from Rat Liver — Rat 
liver slices weie incubated in the propoition of 1 gm of shoes to 5 ml of 
Riiigei -phosphate solution foi vaiymg periods of time in 100 per cent oxy- 
gen or iiitiogen The media weie fieed fiom particulate matter by centri- 
fugation, heated in a water bath to 80°, and again clarified by centrifuga- 
tion 1 ml ahquots were added to 1 ml of stock ferritin solution, and the 
mixture was assayed for Fe++ at pH 4 6 The results (Table I) demon- 
strate that no 1 educing substance is present m the medium m which shoes 
are mcubated in oxygen, whereas increasing quantities of ferritin iron-re- 
ducing substance appear in the medium m wluch slices are mcubated under 
anaeiobic conditions hlost of the reducing activity appeals within 1 hour 

Table I 

Formation of Ferritin Iron-Reducing Substance by Anaerobic Rat Liver Slices 
1 gm liver slices i\ere incubated vith 5 ml of Ringer -phosphate solution, pH 7 4, 
at 37° Ferritin-ferrous iron measured at pH 4 6 after mixing 1 ml of ferritin with 
1 ml of supernatant solution Values for ferritin iron-reducing activity have been 
corrected by subtracting Fe"*^ content of ferritin in the absence of reducing sub- 
stance 


Incubation time 

Gas phase 

Ferritin iron reduced by 
supernatant solution 

mtrt 


nmoles Fe*'* per mmole 
total ferritin iron 

120 

Oxygen 

0 

15 

Nitrogen 

3 2 

30 

<< 1 

5 0 

60 

(( 

7 0 

120 

(( 

7 9 


Purification of Ferntin Iron-Reducing Substance — 35 gm of pooled lat 
hver shces were mcubated in several flasks, with a total of 175 ml of 
Ringer-phosphate solution, foi 90 mmutes in nitrogen The cell-free 
supernatant fluid was heated to 80° and the coagulated proteins were 
removed by centrifugation The cleai solution (146 ml ) is called Fraction 
A m Table II, which hsts the ferritin iron-reducing activity of this and 
subsequent fractions m terms of mg of Fe++ formed per mg of total N 
in the fi action Corrections were made in the calculations of total activity 
for ahquots removed for analyses A recovery of more than 100 pei cent 
in subsequent fractions suggests the presence of impurities in Fraction A 
which resulted in low values for ferritm iron reduction 

Fraction A was tieated with a 25 per cent solution of basic lead acetate 
(about 30 ml ), added drop wise, mth constant stirrmg, until precipitation 
ceased The mixture was allowed to stand overmght m the refrigerator, 






656 


RELEASE OF IRON FROM HEPATIC FERRITIN 


was centrifuged, and the precipitate washed twice with 10 ml each of 1 
per cent lead acetate solution The solution and washings were dis- 
carded, since no ferritin iron-reducmg activity could be demonstrated after 
removal of the lead with H2S and removal of the latter by concentration 
of the solution The lead precipitate was extracted five tunes with 20 
ml each of 0 2 n HCl and the combined extracts were centrifuged The 
supernatant flmd was then treated with H2S, the PbS was filtered and the 
precipitate washed with 0 2 n HCl, and excess H2S was removed from the fil- 
trate by a stream of mtrogen The filtrate was evaporated tn vacuo to 
dryness at 35-45°, and the residue was taken up in a minimum of water 
After neutrahzation with dilute NaOH and adjustment of the volume to 
10 ml , this fraction was labeled Fraction B 
Fraction B was placed on a 2 X 12 cm column of low porosity cation 
exchange resm (Dowex 50-X12, 50 to 100 mesh) on the cycle, and the 


Table II 

Ferritin Iron-Reducing Activity and Uric Acid Content of Fractions 
Obtained during Purification Procedure 


Fraction 

1 1 

Femtm iron reducing activity 

Unc acid content 


mg Fe** formed per 
mg total N 

total mg 
formed 

mg per mg total A 

total mg 

A 

0 038 

1 1 

0 098 

2 9 

B 

0 410 

1 6 

0 668 

2 6 

C 

1 220 

1 3 

2 550 

2 6 








column was washed with water (100 ml ) until the effluent was neutral to 
htmus paper The solution was evaporated in vacuo as before, neutral- 
ized, and made to 10 ml with water The matenal adsorbed on the 
lesm was eluted with 100 ml of N NH4OH, evaporated to dryness, and 
dissolved in water The first effluent, containing material not adsorbed 
by the resm, contamed all of the reducing activity and is referred to as 
Fraction C 

Idenhficahon of Fernhn Iron-Reducing Substance vnth Unc Acid-—^^^ 
reducing activity of Fraction C, calculated from the total nitrogen con- 
tent, had been concentrated thirty tunes In qualitative tests, Fraction 
C gave a positive reaction with silver mtrate m alkahne solution and a 
blue color with the Folin phosphotungstic acid reagent, commonly use 
for the estimation of unc acid (4) The solution had an absorption spec- 
trum with a maximum identical with that of pure uric acid (Fig 1) Treat- 
ment of aliquots of Fraction C with excess uncase resulted in the complete 
disappearance of the color reaction with the uric acid reagent, of le 
ferritin iron-reducmg activity, and of the absorption maximum at 292 m/i 
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To make ceilam that the purification procedure had not eliminated an- 
other 1 educing substance present in the original solution, Fraction A was 
treated with uncase with the same results as those given above for Frac- 
tion C The values foi each fraction in Table II therefore represent “true” 
uric acid content 

Rcdxiclion of Ferritin lion by Unc Acid — ^Although, durmg the isolation 
proceduie, feriitm iron-ieducmg activity was measured at pH 4 6, reduc- 
tion by pure uiic acid was now measured at both pH 4 6 and 7 4 With 
50 7 of uric acid, at pH 7 4, the Fe++ content of ferritin rose from 1 3 to 



Fig 1 Absorption spectra of ferritin iron-reducing substance, uric acid, and fer- 
ritin iron-reducing substance after treatment with uncase 

2 1 pmoles per mmole of total ferritin iron, at pH 4 6, the increase was 
from 2 3 to 6 5 This difference reflects the greater availability, at the 
more acid pH, of ferritin-ferric non for reduction At both pH values 
the extent of reduction was found to vary with the quantity of uric acid 
added 

Unc Acid Accumulation in Anaerobic Inver — To deterimne whether an 
over-all synthesis of uric acid had occurred in the anaerobic liver slice or 
whether that normally present m the tissue had merely diffused out of the 
slice undei the influence of loweied oxygen tension (lowered permeability), 
aliquots of liver slices were prepared and incubated, one m nitrogen and 
anothei m oxj'-gen, for 1 hour, as described above In addition, a thud 
(control) ahquot of slices was placed immediately m 10 ml of boiling v a- 
ter for 1 minute The heated tissue suspension was homogenized and the 
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cooled homogenate diluted with 01 m phosphate buffer, pH 7 4, to 25 ml 
The mcubated tissues were separated from their media, and each was 
treated as above The media were also heated to boding and ahquots of 
all specimens analyzed for uric acid as follows Two equal ahquots of each 
sample w^ere mixed separately with 2 ml of 0 1 m phosphate buffer, pH 
7 4 One ahquot was treated with 0 3 ml of a 1 10 uricase solution and 
the other wuth an equal quantity of w'ater (This quantity of uncase had 
been shown m prehmmary experiments to be far m excess of that lequired, 
at pH 7 4, to destioy aU uric acid present ) Both solutions were made 
to 10 ml wuth w'^ater and incubated for 1 hour with shaking at 37° After 

Table III 


Uric Acid in Rat Tissues after Aerobic or Anaerobic Incubation 
The conditions are as described in the text The values are expressed as micro 
moles of uric acid per 100 gm of wet tissue or equivalent of solution 


Incubation 

Fraction 

1 

Li\ er 

1 

Kidney 

Spleen 

Small 

intestine 

Control (no incubation) 

Tissue 

! 12 4 

4 1 

i 

25 0 j 


1 

Oxygen 

Tissue 

8 1 

14 6 

26 2 



Medium 

0 0 j 

142 0 j 

155 5 


Total 

1 S 1 

156 6 i 

181 7 

428 0 

Nitrogen 

Tissue 

14 5 

7 0 

26 S 

wm 


Medium ^ 

72 7 

30 7 

78 5 

mm 

Total , 

87 2 

37 7 

105 3 

194 7 


incubation, each solution was treated with 2 ml of 10 per cent sodium 
tungstate and 1 8 ml of n sulfuric acid, to stop the reaction and to leinove 
protem 10 ml ahquots of the clear supernatant solutions obtained by 
centrifugation were mixed wuth 2 5 ml of urea-cyamde reagent and 1 ml 


of uric acid reagent, and the colors w''ere compared after 30 minutes, m 
the Klett photocolonmeter, wuth that produced by a known quantity of 
uric acid treated in a similar fashion A No 66 filter was used The 
concentrations of “true” unc acid were calculated bj'' subtracting the 
values due to reducing non-uric material remaimng after uncase tieatment 
from the totals In this way the values were obtained for the unc aci 
content of control tissue, tissue and medium after oxygen incubation, an 
tissue and medium after nitrogen incubation The results (Table 
demonstrate for the liver a marked accumulation of unc acid in the anaei 
obic shoes The extra unc acid was diffusible into the medium 
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Effect of Oujgen Tension on Unc Acid Accumulation in Liver Slices — 
The lelationship between o\ygen tension and unc acid production by the 
liver in vitro was studied in a manner similar to that described above, 
except that the o\3’-gen content of the gas phase was varied After the 
incubation mixtures weie heated to 80°, the clear supernatant media were 
analj’’zed Accumulation of uiic acid m liver slices occurred at oxygen 
tension of air (20 per cent) and increased markedly at lower tensions 
Amounts of uric acid formed per 5 ml of medium were 7 7 at 20 per cent, 
35 7 at 10 per cent, and 100 7 at zero per cent oxygen (tank nitrogen) 

Table IV 

Formation of Uric Acid and Hijpoxanilnne Plus Xanthine during 
Aerobic or Anaerobic Incubation 


The conditions are as described in the text The results are expressed as micro- 
moles per organ in the rat, wet weights of organs were 8 5 gm of liver, 1 0 gm of 
spleen, 2 2 gm of kidnejs, and 6 6 gm of small intestine 


Tissue 

No incubation 

OTygen 

Nitrogen 

Liver 




Unc acid 

1 05 

0 69 

7 40 

Hypoxanthine -f- xanthine 

1 62 

0 76 

25 60 

Spleen 




Unc acid 

0 20 

1 38 

0 71 

Hypoxanthine -1- xanthine 

0 22 

0 29 

2 18 

Kidneys 




Unc acid 

0 09 

3 45 

0 83 

Hypoxanthine -f xanthine 

0 53 

3 88 

9 74 

Small intestine 




Unc acid 

2 13 

28 25 

12 85 

Hypoxanthine -|- xanthine 

3 26 

3 46 

23 90 


Uric Acid Production in Other Rat Tissues— The accumulation of uric 
acid in kidney cortex, spleen, and small mtestme was measured m both 
oxygen and nitrogen in a manner similar to that desenbed above for liver 
The data (Table III) show that uric acid is formed in these three tissues 
m the presence and the absence of oxygen However, only m the liver 
does more uric acid accumulate anaerobically than aerobically These 
results also reveal that aerobic conditions produce high uric acid levels 
per gm of kidney, spleen, and especially intestine To show the relation- 
ship of these values m the whole animal, the results m Table TV have been 
calculated m terms of the contributions of whole wet weight organs 
Anaerobic Accumulation of Hypoxanthine and Xanthine in Rat Tissues — 
Since, so far as is knovm, the formation of uric acid in rats is dependent 
upon oxidation, by xanthine oxidase, of hj^ioxanthine and xanthine, these 
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compounds were estimated m tissues treated as above For these expeii- 
meats, mstead of analysis of the mcubated tissue and medium separately, 
the entue mcubation mixture was heated and homogemzed, and ahquots 
were removed for analyses The “tiue” uric acid content of one ahquot 
of the homogenate was determined by the uricase procedure Two addi- 
tional ahquots were treated with excess xanthme oxidase to convert all of 
the xanthme and hypoxanthme to uric acid After this, one sample was 
treated with excess uricase to destroy the uric acid present originally, as 
well as that formed from hypoxanthme and xanthme by the action of 
xanthme oxidase The quantity of uric acid foimed from the xanthme 
and hypoxanthme could now be calculated by subtraction of the ongmal 
uric acid content and correction for any reducmg material remainmg after 
uricase tieatment Table IV shows that m all tissues anaerobiosis caused 
a marked mcrease m concentration of xanthme and hypoxanthme To 
determme the relative amounts of hypoxanthme and xanthme present m 
hver, the spectrophotometric method of Kalckar (5) was employed in one 
experiment They were found to be present m approximately equal quan- 
tities 

Of the four tissues studied m the rat, uncase was found to be present 
only m the hver Uncase activity was deter min ed by the method of Leone 
(6) and was equal to 162 ;il of O2 per 100 mg of wet weight of tissue per 
hour at 37° 

Effect of Oxygen Tension on Uricase and Xanthine Oxidase Activities— In 
order to explore the factors mfluencmg uric acid accumulation m anaerobic 
hver, the sensitivities of the enzymes mvolved m uric acid metabolism 
to lowered oxygen tension were measured with use of partially purified 
enzymes In the uncase experiments, each flask contamed 2 ml of 0 1 
M glycme buffer, pH 9 4, 0 5 ml of a 1 10 uricase solution, and 2 45 ml 
of water A neutrahzed solution of 60 7 of uric acid m a volume of 0 5 
ml was suspended, m a small plastic cup, from a rubber stopper u^hicb 
wms also fitted with mlet and outlet tubes used for the appropnate gas 
mixture After prehmmary mcubation for temperature and gas equihbra- 
tion, the mlet and outlet tubes were clamped and the cup contaimng unc 
acid was tipped mto the reaction mixture After 15 mmutes, the leaction 
was stopped by addition of tungstate and sulfuric acid and the solution 
analyzed for uric acid, as descnbed previously In xanthme oxidase 
penments, xanthme or hypoxanthme was used as substrate Reaction 
mixtures contamed 2 ml of 0 1 per cent albumm m 0 1 m phosphate buffer, 
pH 7 4, 0 03 ml of a 1 25 xanthme oxidase solution, and 2 72 ml of water 
The substrate, contaimng 250 7 of hypoxanthme, or an eqmvalent quan- 
tity of xanthme, in 0 25 ml , was suspended m the plastic cup The xan- 
thme reaction was allowed to contmue for 15 mmutes and the hypoxantniu 
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reaction foi 75 nunutes before analyses for uric acid weie made Fig 2 
shows the lelative actmties of the enzymes at vaiious oxygen tensions, 
with an actmtj’’ of 100 representing that of the lespective enzyme m 100 
pel cent oxygen Uncase is affected to a greater extent than xanthme 
oxidase as the oxygen tension is lowered When xanthine is used as a 
substiate, xanthme oxidase activity is somewhat inhibited by oxygen ten- 
sions above 60 per cent A similar mhibition of xanthme oxidase activity 
by lugh oxj’-gen piessure has been reported by Stadie and Haugaard (7) 
Ferniin As Electron Acceptor for Xanthine Oxidase — Xanthine oxidase 
can act as a dehj'^drogenase m the presence of electron acceptors other than 



PERCENT OXYGEN 

Fig 2 Effect of oxygen tension on activities of xanthine oxidase and uncase 

molecular oxygen, such as methylene blue (8) or ferricytochrome c (9) 
In hver shce experiments, uric acid diffuses out of the anaerobic cells and 
reduces ferritm m the medium, but, m the mtact hvei, uric acid would be 
S3mthesized inside the cell m the presence of ferritm We therefore ex- 
plored the possibility that the process of uric acid formation, mvolvmg the 
action of xanthme oxidase, might brmg about ferritm iron reduction, in 
which case the ferric iron m ferritm would act as the electron acceptor for 
the enzjmie For this purpose, reaction mixtuies were prepared consisting 
of 1 ml of ferritin previously adjusted to pH 7 4 with dilute alkah and 
contaimng 6 13 mg of total iron, 1 ml of 0 2 per cent a , a'-dipyridyl to 
act as a trappmg agent for any Fe++ foimed, 1 ml of 0 1 m phosphate 
buffer, pH 7 4, 0 03 ml of 1 25 milk xanthine oxidase, and water to make 
a final volume of 4 ml A suspended plastic cup contamed 250 y of xan- 
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thine in 0 25 ml or an equivalent quantity of hypoxantlune After tem- 
perature and gas equilibration, the reaction was started by tippmg the 
cup and its contents into the reaction mixture At appropriate intervals, 
6 ml of a chilled mixture, contammg 1 part of 1 m acetate buffer, pH 4 6, 
and 5 parts of saturated ammonium sulfate previously adjusted to pH 4 6, 
were added to each flask The mixture was centrifuged and the super- 
natant fluid compared in the colorimeter with a Fe++ standard treated in 
the same manner 



Time (mins) 

Fig 3 Action of ferritin iron as electron acceptor in the xanthine oxidase system 
Curve A, ferritin reduction by enzyme in absence of oxygen, Curve B, ferritin reduc 
tion by enzyme in presence of 100 per cent oxygen, Curve C, same as Curve B plus 
0 05 mg of crystalline catalase, Curve D, same as Curve B plus 0 5 mg of crystalline 
catalase. Curve E, same as Curve A or Curve B plus 2 25 7 per ml of 2-amino-4 
hydro\y-6-pteridine aldehyde 


The results obtained mth hjrpoxanthme as a substrate are shown m 
Fig 3 Appreciable reduction of ferritin iron occurs m the complete ab- 
sence of oxygen as indicated by Curve A The direct reaction of ferritin 
vnth xanthine oxidase is apparent from the fact that, in the absence 0 
ferntm, no unc acid is formed anaerobically More ferritin iron was re- 
duced when the reaction was carried out in the presence of 100 per cent 
O'^ygsn (Curve B) In addition, experiments earned out with hypoxan 
thine as well as xanthine as substrates, in the presence of oxygen tensions 
between zero and 100 per cent, ynelded values for ferntm iron reduction 
intermediate between those obtained in 100 per cent nitrogen and m 
per cent oxygen Similar results were also obtained with xanthine ox 
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idnsc piepaied fiom calf’s liver by the method of Kielley (3) Curves 
C and D m Fig 3 demonstiate that the aeiobic reduction of ferritm 
lion IS mci eased by the addition of ciystalline catalase over a 10-fold 
lange of concentiation (0 05 ing and 0 5 mg , lespectively, of ciystalhne 
enzyme), suggesting that \antlune oxidase activity is inhibited by perox- 
ide formed during the reaction (10) That xanthine oxidase was respon- 
sible for feiiitm iron leduction was made more ceitam by our finding 
that this reduction was completely mhibited (Curve E) m the presence of 
2 25 7 per ml of 2-ammo-4-hydio\y-6-pteridme aldehyde (11) This 
inhibition occuired m both nitrogen and oxygen 

Reduction of Ferntin Iron by TPNH Cytochrome c Reductase — Weber et 
at (12) have showm that several flavoprotem enzymes are capable of reduc- 
mg inorganic ferric iron in the piesence of citrate, among them xanthme 
oxidase and TPNH cji^ochiome c reductase Smee cytochrome c reductase 
IS also fomid in hver, experiments were performed in vitro to investigate 
its abihty to reduce ferritm iron The reaction mixture contained 1 ml 
of ferritm, 1 ml of 0 2 pei cent dipyridyl, 1 ml of 0 1 m phosphate buffer, 
pH 7 55, 0 1 ml of glucose 6-phosphate (1 65 mg ), 0 02 ml of glucose- 
6-phosphate deh^'^drogenase (0 2 mg ), 0 05 ml of triphosphopyridme nu- 
cleotide (25 7 ), and water to make a final volume of 4 ml The reaction 
was started by the addition of 0 05 ml of a partially purified C5d;ochrome 
c reductase preparation The purpose of the glucose 6-phosphate and its 
dehydrogenase was to insure a constant source of TPNH, as in an assay 
method desenbed by Haas (13) The original ferritm, assayed at pH 7 4, 
contained 0 45 /imole of Fe++ per mmole of total iron In the absence of 
the cytochrome c reductase, the TPNH generated by the dehydrogenase 
system itself caused an mcrease in Fe'*^' to 0 56 jumole Upon addition of 
the reductase, the Fe++ content rose to 1 22, m 100 per cent oxygen as 
well as m 100 per cent mtiogen However, TPNH m rat hvei shces was 
found to be lower after anaerobic incubation (16 7 per gm of wet weight) 
than after aerobic incubation (57 7 per gm ), decreasmg the hkehhood that 
cytochrome c reductase is important for ferritm iron reduction 

Plasma Uric Acid of Rats in Hemorrhagic Shock — The results of our ex- 
periments performed in vitro suggest that the plasma unc acid level should 
mcrease as a result of hver h 3 T)oxia in animals subjected to hemorrhagic 
shock Zweifach et at (14) and Van Slyke (15) reported mcreased plasma 
unc acid concentrations m dogs in hemorrhagic shock In a senes of ex- 
periments, to be reported in detail at a latei date, we have confirmed these 
findings for the lat in hemorrhagic as well as in tiaumatic (drum) (16) 
shock, and for the dog in hemorrhagic shock ^ Since the drastic Itypo- 

^ We are indebted to Dr Baez, Dr Snkantia, and Anne Carleton for providing us 
with blood samples from their rats and dogs in hemorrhagic shock for these uric 
acid analyses 
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tension induced in the hemorrhagic shock experiment could be presumed 
to result not only m hver hypoxia but m renal failure as well, it was neces 
saiy to determine whether the observed rise m plasma uric acid could be 
attributed to renal failure For this purpose plasma was collected 3 hours 
after bilateral nephrectomy of twelve control rats Plasma uric acid, 
expressed as mg per 100 ml , averaged 0 6 (range 0 3 to 1 1) m eleven 
normal control rats, in the twelve arenal controls the average was 24 
(lange 11 to 2 8), and m eleven noimal rats subjected to hemorrhagic 
shock the values averaged 8 7 (range 4 9 to 14 5) 

DISCUSSION 

In our earhei experiments, designed to study the mechamsm by which 
ferritin iron is reduced, hver slices were incubated anaerobically in a me- 
dium contaimng ferritin (1) Under these conditions, reduction of fer- 
ntin iron could only be a result of diffusion mto the medium of a com- 
pound of low molecular weight, smce it would not be reasonable to expect 
that ferritin would enter the cell, be reduced, and then diffuse out mto the 
medium The reducmg compound produced by anaerobic hver shces has 
now been identified as uric acid, and its concentration has been found to 
increase as oxygen tension is decreased to 20 per cent and below In mvo, 
reduction of ferntm iron would take place mside the hepatic cell m the 
presence of hypoxanthme, xanthme, and the enzyme, xanthme oxidase, 
which converts these substrates to uric acid 

Xanthine oxidase is an iron molybdoflavoprotem (17) classified as an 
aerobic dehydrogenase, smce it can utihze molecular oxygen as an electron 
acceptor In addition, methylene blue and ferncytochrome c react with 
this enzyme and are reduced Ferntm iron can also act as an electron 
acceptor for reduced xanthme oxidase, and does so even m the complete 
absence of oxygen The anaerobic reduction of ferntm iron is therefore 
primarily due to the enzyme and only secondarily to the unc acid wbch 
IS formed The presence of oxygen m the xanthme oxidase system in- 
creases ferntm iron reduction, but it is not possible to estimate how much 
of the reduction is due to reaction ivith the reduced enzyme and how much 
to the increased quantity of uric acid formed aerobically Although it is 
assumed that ferntm iron is reduced by reaction with reduced flavin 
ademne dmucleotide of the enzyme, the possibihty of reaction with the Fn 
or Mo of the enzyme stiU exists In fact, Mackler et al (18) have demon- 
stiated that, although removal of Mo fiom the enzyme does not inhibit 
the leaction of the enzyme with moleculai oxygen, it does inhibit its re 
action with 1 election acceptors 

Our results for the i eduction of ferntm non paiallel those of Weber c 
al (12) for the reduction of ferric citrate by xanthme oxidase, since m bot 
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cases 1 eduction is stimulated by the addition of oxygen, but Weber’s re- 
action IS inhibited m the piesence of catalase whereas that of ferritin iron 
IS stimulated, suggesting that m the latter reaction peroxide acts as a xan- 
thine oxidase inhibitor A fuither difference in the two reactions is that 
under anaciobic conditions i eduction of feiritm iron is consideiable, 
i\heieas Weber et al find that little leduction of feiric citrate occurs anaer- 
obically Both ferric citrate and ferritin iron aie reduced by TPNH cyto- 
chiome c reductase, howcvei, it appears unlikely that this flavoprotem 
enzjmie plays a significant role in the i eduction of feiritm iron ^n mvo since 
TPNH lei'els m rat livei slices were found to be lower aftei anaeiobic 
than aeiobic incubation The possibility of i eduction by othei flavopio- 
tem enzjmies is not luled out 

Tanaka (19) also lepoited that, in the presence of hypoxanthme, xan- 
tlune oxidase reduced feiiitni iron anaerobically Feirous iron was not 
measured directl}’’ m tins study Instead, measuiements were made of 
changes m magnetic susceptibilitj’- of ferritin However, the data given 
b}’' this author are contradictory m that the values reported for suscepti- 
bihty increased aftei treatment of feiritm with ascorbic acid and cysteine 
and decreased after its incubation with xantlune oxidase We have re- 
peated these experiments^ and have found that treatment of ferritin with 
the xanthine oxidase system pioduces a rise m specific susceptibility of 
ferritm iron, a result to be expected from the studies of Michaelis et al 
(20), who first pointed out the unusual state of iron in the ferritm mole- 
cule and the effect of reducing agents such as Na 2 S 204 

Several factors apparently influence the accumulation of hypoxanthme 
plus xantlune and of uric acid m the various tissues subjected to aerobic 
or anaeiobic incubation mtro In all four tissues examined, liver, spleen, 
kidney, and small intestine, the concentrations of hypoxanthme plus xan- 
thine increased markedly m response to lowered oxygen tension These 
increases can be attributed to the piogressive loss of high energy com- 
pounds needed for sjmthetic reactions involving the purines (21) and to 
an increased effectiveness of the catabolic enzymes acting on nucleotides 
and nucleosides (22) Thus, the anaerobic sources of hypoxanthme and 
xanthine may be purine deiivatives, not as yet mcorporated into nucleic 
acids, as well as degraded nucleic acids Jorgensen and Poulsen (23) have 
leported a sharp rise m hypoxanthme and xanthine m stored red cells, m 
om experiments tins souice was eliminated bj'- thorough perfusion of the 
organs before use 

In the liver, uiic acid accumulates durmg anaerobic incubation and de- 
ci eases slightly upon aeiobic incubation as compared vnth unmcubated 

- We are indebted to Dr D Rittenberg, Department of Biooliemistr}^, Columbn 
University, for the use of his Gouy balance for the susceptibilitj measurements 
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controls Similar results have been reported by Bernheim and Bernheini 
(24) The anaerobic inciease can be accounted for by the action of \an 
tlnne oxidase on the higher concentration of uiic acid precursors together 
with anaerobic inhi bition of the enzyme uricase In the aerobic rat liver 
shce the decrease in uric acid is doubtless due to uricase action In the 
non-hepatic tissues, on the other hand, we found less anaerobic than aerobic 
accumulation of uric acid A possible explanation for this difference may 
be found in the experiments of Westerfeld and Richert (25), who have 
shovTi that the dehydrogenase activity (as measured by the mcrease in O 2 
uptake m the presence of methylene blue) of the xanthine oxidases in these 
non-hepatic tissues is lower than that in rat liver 
The results of our experiments va mtro, together ivith those which dem- 
onstrate increased concentrations of both uric acid and iron (1) m the 
plasma of animals in hemorrhagic shock, support the hypothesis that the 
xanthme oxidase system plays an important role m the process of iron re 
duction and release from hepatic ferritm When the liver is supphed with 
adequately oxygenated blood, iron incorporation is accomphshed by the 
withdrawal of iron from the plasma, as shown by experiments with radio 
active non (26) Under the same conditions (as demonstrated by our 
experiments in vitro at 20 per cent oxygen tension) small amounts of ferritin 
iron can be reduced and leleased mto the plasma, at a rate consistent with 
the lequirements of the hematopoietic system 
Our results emphasize lowered oxygen tension as a stimulus for increased 
formation of hypoxanthme, xanthme, and uric acid m the liver In addi- 
tion, tissues such as the spleen and small intestme also yield relatively 
large quantities of unc acid precursors which can be metabohzed by the 
hver These increases are reflected by an mci eased reduction and release 
of feiritm iron to the plasma via combination with the plasma iron-bmd- 
mg globuhn, and explam the mechamsm of release of extra iron to the 
plasma of animals in hemorrhagic shock The response of the anunal to 
lowered oxygen tension, outhned above, helps to explam the origin and 
mechamsm for the release of extra non needed by the bone marrow duimg 
the development of polycjdheima at high altitudes Since the life span 
of the red cell in a polycythemic ammal is normal, the rate of iron release 
from ferritm stores must be increased in order to maintam a flow of iron, 
via the plasma, to the activated bone marrow Our findmgs are substan 
tiated by the frequency with which elevated plasma uric acid values occur 
m patients with polycythemia (27) and by the occasional occurrence 0 
gout, secondary to prolonged polycythemia (28) Here, the mci eased unc 
acid, which must arise by virtue of the action of xanthme oxidase, may 
a result of the degradation of large quantities of red cell nucleic 
of nuclei which are removed fiom the preerythrocyte cells of the on 
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nlalro^^ Now under investigation is the occurrence of the xanthine oxi- 
dase-fci 1 itin system in bone mariow, spleen, and human placenta, organs 
uluch are known to contain ferritin, as well as the imphcations of these 
findings for various derangements of iron metabolism in animals 

SUMMARY 

The 1 eduction (and release) of ferritin iron during anaerobic incubation 
of ferritin with rat hvei slices is due to the accumulation of uric acid in 
the tissue and its diffusion into the medium Accumulation in anaeiobic 
liver of uiic acid precursors, hypoxanthme and xanthme, together with 
the marked sensitivity to low oxygen tensions of uncase as compared with 
xanthme oxidase, accounts for the elevated levels of uric acid 
Xanthine oxidase, prepared from milk or calf hver, is also capable of 
reducing ferritm iron under anaerobic conditions in the presence of hypo- 
xanthme or xanthine Reduction is increased in the presence of oxygen 
and by addition of catalase Ferritm iron reduction is due to the activity 
of xanthine dehydrogenase, the iron of ferritm actmg as an electron ac- 
ceptor 

Although other flavoprotem enzymes can reduce ferntm iron, e g re- 
duced triphosphopyridme nucleotide cytochrome c reductase, the role of 
xanthme dehydrogenase m the release of ferritm iron tn mvo is substan- 
tiated by findings ob tamed with intact animals Rats subjected to hem- 
orrhagic hypotension show abnormally high concentrations of uric acid m 
the plasma These results, together with the increases m plasma iron, 
reported previously for dogs m hemorrhagic shock, serve to relate the 
xanthme dehydrogenase system with the iron release mechamsm 

The relationship of hver xanthme dehydrogenase, actmg as a reduemg 
agent for ferritm iron, to the release of iron mto the plasma for extra 
hemoglobin synthesis by the bone marrow, under conditions of low oxygen 
tension, is discussed 
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STUDIES OF OXIDATIVE PHOSPHORYLATION BY HEPATIC 
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Reports fiom the laboratories of several investigators suggest the exist- 
ence of a possible relationship between the action of insuhn and the genera- 
tion of high eneigj’’ phosphate bonds In general these studies were 
designed to determine whether the formation by various tissues of the pri- 
mary high energy phosphate compound, t e ATP,* or the production of 
secondary phosphate compounds formed by transphosphorylation reactions 
involving ATP, e g the hexose phosphate esters, is diminished m the dia- 
betic state or increased by the addition of msuhn either tn vitro or in vivo 
For example, Kaplan and Greenberg (1, 2) reported an increased turnover 
of inorganic isotopic phosphate in various organic phosphate compounds 
of hver and muscle after insuhn treatment In similar studies Sacks (3) 
reported that the rate of turnover of labile P of ATP and glucose 1-phos- 
phate in the muscle of the diabetic animal was dimmished when compared 
to that of the normal ammal In another type of experiment the rates of 
reactions presumably dependent upon the rate of formation of ATP were 
studied Such a reaction, for example, is the acetylation of ingested 
p-ammobenzoic acid Charalampous and Hegsted (4) reported that this 
reaction was depressed in the intact alloxan-diabetic rat Accordingly, 
they concluded that a primary deficiency of ATP formation is the cause of 
this metabolic defect Stadie (5) has reviewed m detail other aspects of 
this subject 

The mitochondria are believed to be the mam if not the sole site of the 
generation of ATP by oxidative phosphorylation If impairment of oxi- 
dative phosphorylation m the intact animal exemplified by the cases cited 
above is a characteristic of the diabetic state, it is possible that the mito- 

* The work reported in this paper uas supported m part by grants from the Na- 
tional Institute of Arthritis and Metabolic Diseases, National Institutes of Health, 
and the Grants Committee of Eli Lilly and Company 

t Present address, University of Pittsburgh, Graduate School of Public Health, 
Department of Biochemistry and Nutrition, Pittsburgh 13, Pennsjlvania 

> The following abbreviations are used ATP = adenosine triphosphate, ADP = 
adenosine diphosphate, Pi = inorganic phosphate, G-6-P = glucose 6-phosphate, 
and TPN = triphosphopyridme dmucleotide 
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chondna isolated from tissues of the diabetic animal might show similar 
impairment of oxidative phosphorylation when compared with mito- 
chondna similarly prepared from the tissues of normal animals The 
present paper reports such comparative studies on mitochondrial prepara- 
tions fiom the hvers of normal and depancreatized cats 

In earlier unpubhshed experiments, we attempted to demonstrate differ- 
ences in the oxidative phosphorylation capacity of mitochondria prepared 
from the hvers of normal and alloxan-diabetic rats Our data showed no 
difference Parks, Adler, and Copenhaver (6) subsequently published 
data showing no difference in the rate of formation of ATP by similar mito 
chondnal preparations fiom normal and aUoxan-diabetic rats, a result with 
which our unpubhshed woik completely conforms 
The possibility, however, that depancreatized cats are more msulm-free 
than alloxan-diabetic rats led us to repeat the work, using the cat as the 
experimental animal Mitochondna isolated from the hvers of these cats 
were equilibrated with suitable media to which was added an oxidizable 
substrate (pyruvate) to furmsh the energy for the conversion of inorganic 
phosphate mto high energy phosphate, according to the reaction, ADP + 
P, — » ATP The newly formed energy-rich phosphate was trapped as 
glucose 6-phosphate by the addition of hexokmase to the eqmhbration 
medium, mz ATP -f glucose — > G-6-P + ADP The rate of ATP forma- 
tion was calculated either from the rate of disappearance of inorganic phos- 
phate or the rate of formation of glucose 6-phosphate 


Methods 

Adult normal and depancreatized cats weighing between 2 and 3 5 kilos 
were used In the diabetic cats, complete removal of the pancreas was 
venfied by postmortem examination , postoperative glycosuria equal to or 
greater than 2 5 gm per kilo of body weight per 24 hours was usually ob- 
served Diet in all instances was 100 gm of ground horse meat daily 
The normal cats were used after a 24 hour fast, and the diabetic cats 3 
days after pancreatectomy Since the depancreatized animals do not eat, 
two of the normal cats (Table II) were treated to sham operation and 
fasted for 3 days before study The results in these cats appear to be no 
different from those obtained on the non-operated cats fasted for 24 hours 

BIttochondnal Study Techniques— Mitochondna were prepared by the 
method of Schneider (7), except that the mitochondnal fraction ivas washe^^ 
twice instead of three times Care was taken to exclude the “fluffy layer 
as completely as possible Each mitochondrial preparation was examine 
for homogeneit 3 ’- with a phase microscope . 

Oxj'^gen uptake ivas detei mined by standaid manometric methods ‘ 
mam manometric vessel contained I 4 ml of medium (KCl, 0 1 m, 



J AV VESTER AND AV C STADIE 


671 


Slum phosplialc, pll 7 4, 0 007 m , sodium salt of ATP, 0 002 m, cytochiome 
c, 10“^ Ai, potassium pjo innate, 0 035 m), and 0 5 ml of mitochondnal 
suspension containing appioximately 8 0 mg of piotem in 0 25 m sucrose 
The side aim contained 0 3 ml of 0 1 m KCl containing 4 mg of hexo- 
kmase and 26 jumoles of glucose (phosphate acceptor system) 

After equihbiation at 30° foi 10 minutes, the reaction Avas initiated by 
tipping the contents of the side sac into the mam A'^essel, after 20 minutes 
the reaction AAas temnnated bj’- unmeision of the manometric vessel for 
about 30 seconds m boiling Ai^atei Pyiuvate Avas used as the oxidizable 
metabolite because pielmimarA'^ obseivations shoAved the diffeiences to be 
most maiked AAith this substrate betAA^een tissue from the normal and the 
diabetic animal Dui mg the reaction moi game phosphate mcorporated mto 
ATP accumulates as glucose 6'phosphate The rate of oxidative phos- 
phorjdation Avas therefore calculated from the rate of moiganic phosphate 
disappearance (deteimmed colorimetrically (8)), or the rate of G-6-P for- 
mation (determined spectiophotometncally with G-6-P dehydrogenase 
and TPN (9)) The amount of hexokinase added was sufficient to phos- 
phoi 3 date glucose at a rate 3 to 4 tunes that of the maximally observed 
phosphorjdation rate of the mitochondria Eirors from ATPase action 
Avere thus mmmnzed The results were expressed m terms of mitochon- 
drial protem, calculated on the assumption that the piotem contamed 16 
per cent of nitrogen which was determmed by the nncrodiffusion technique 
of Sehgson and Seligson (10) 

Phosphatase Control — Phosphatase activity of the imtochondrial prepa- 
rations is a possible source of error in the measuiement of the phosphoryla- 
tion rate when a glucose-hexokinase system is used as a phosphate ac- 
ceptor, since the phosphatase may decrease G-6-P accumulation to an 
unknoAvn extent Accordingly, mitochondnal preparations were piepared 
from both normal and diabetic cats in exactly the same way as those for 
the assay of oxidative phosphorylation The phosphatase activity of these 
preparations was then measured as follows In the mam vessel were 1 0 
ml of 0 1 M KCl containing 5 0 ^imoles of potassium phosphate at pH 7 4 
and 0 5 ml of imtochondrial suspension containing about 8 0 mg of imto- 
chondrial protein in 0 25 m sucrose, and m the side sac were 20 /imoles of 
glucose 6-phosphate in 0 7 ml of 0 1 m KCl 

After 10 minutes eqmhbration, the reaction was mitiated by tipping m 
the contents of the side sac Aftei 30 minutes further eqmhbiation, the 
reaction Avas teiminated by immeision m boiling watei The contents of 
the blank A'^essels Avere identical except foi the omission of G-6-P Inor- 
ganic phosphate formed fiom glucose 6-phosphate by phosphatase action 
was calculated fiom the diffeience betAA'^een the imtial and the final total 
inorganic phosphate, making appropriate collections for the blank Data 
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on the phosphatase activity of mitochondna prepared as described were 
obtained from four noimal and two depancreatized cats The magnitude 
of the phosphatase activity of these mitochondnal pieparations (mean, 
10 /imoles of G-6-P hydrolyzed per gm of protein per mmute) was small 
in comparison wath the total phosphorylative capacity, furthermore, the 
statistically insignificant difference between the normal and diabetic values 
makes this possible source of error negligible in the interpretation of our 
data on oxidative phosphorylation by rmtochondria 

DISCUSSION 

The data obtained from this study of hepatic mitochondria piepared 
from the hvers of depancieatized cats are shown in Table I in three cate- 

Table I 


Oxidative Phosphorylation, Mitochondria from Depancreatized Cat Livers 


ETperunent No ^ 

i 

1 

ATP formation, pmoles 

P per gm mitochondnal 
protein per mm 

Oxygen uptake, micro 
atoms per gm mitochon 
dnal protein per mm 

P 0 ratio 

80 

6 

10 

0 6 

S3 

17 

18 

1 0 

85 

9 

8 I 

1 1 

87 

38 

24 

1 6 

89 

17 

20 

0 9 

93 

27 

19 

1 4 

Mean 

19 ± 4 8 

1 17 ± 2 5 

1 

1 1 ± 0 14 


gories (a) oxidative phosphorylation rate as calculated from the rate of 
ATP formation, (6) oxygen uptake, and (c) the P 0 ratio In Table II are 
given similar data obtained by using hepatic mitochondria from normal 
cats Foi compaiison. Table II summarizes the means of both Tables I 
and II together with their standard error of the mean From these values 
the mean differences in the three categories of data are given, together i\ith 
their standard deviations The last hne (Table II) gives the P values for 
these differences From these comparative studies on the oxidative ph<^ 
phorylative capacities of the diabetic and the normal cats, we conclude 
that the mitochondria from the hvers of diabetic cats have significantly 
lowmr capacities for oxidative phosphorylation than those from hvers o 
normal cats 

In Tables III and IV are data in w'hich the comparative study of f o 
hepatic phosphorylative ability of livers of normal and diabetic cats ims 
made in a different way First, a liver biopsy ivas performed on the ca^ 
24 to 48 hours after removal of the pancreas and a small sample (2 to 





T W VriSTER AND W C STADIE 


673 


Tabid II 


Oxtdaltvc Plw^phonilalwii, Milocliondrm from Noimal Cal Livcis 


Lxpcnmcnt No 

ATP formation, jimoles 
P per gm mitochondrial 
protein per mm 

Oxygen uptake, micro 
atoms per gm 
mitochondrial protein 
per mm 

P 0 ratio 

81 

37 1 

17 

2 2 

84 

164 

59 

2 8 

8G 

119 

36 

3 3 

8S 

33 

19 

1 7 

9SA 

31 

22 

1 4 

98B* 

90 

31 

2 9 

99 

70 

36 

2 0 

112 

107 

41 

2 6 

158* 

141 

52 

2 7 

Mean, normal 

88 db 16 3 

35 ± 4 8 

2 4 ± 0 21 

“ diabetic 

19 ± 4 8 

17 ± 2 5 

1 1 ± 0 14 

“ difference, nor- 




mal and diabetic 

69 ± 17 0 

18 =fc 5 4 

1 3 ± 0 24 

i 

4 0 

3 4 

5 4 

P 1 

1 

<0 01 

<0 01 

«0 01 


* Fasted 'inimals treated to sham operation 


Table III 


Oxidative Phosphorylation, Mitochondria from Biopsies of Livers of Diabetic Cats* 


Experiment No 

Cat No 

ATP formation 
nmoles P per gm 
mitochondrial pro 
tein per min 

Oxygen uptake, micro 
atoms per gm mi 
tocbondrial protein 
per mm 

P 0 ratio 

93 

II 

27 

20 

1 4 

94 

III 

51 

29 

1 8 

101 

V-l 

31 

27 

1 2 

105 

v-3 

76 

36 

2 1 

107 

VI 

11 

18 

0 6 

108 

VII 

11 

18 

0 6 

109 

VIII 

13 

17 

0 8 

113 

IX 


49 

1 2 

Mean 


35 ± 8 8 

27 ± 3 9 

1 2 ± 0 19 


* Cat V V-1, liver biopsy in diabetic state, V-2, liver biopsy after first insulin 
treatment, V-3, liver biopsy after relapse to diabetic state, and V-4, liver biopsj 
after second insulin treatment 


gm ) of the hver was obtained Mitochondria were prepared from this 
sample and assayed in the three categoiies enumerated in Tables I and II 
After vigorous treatment of the cat with msuhn, which resulted m a restora- 
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tlou ot the t IT to in essenti'illv noimil stxitus as judged by tlie level of gh- 
eosuni ind blood sugii, a second Inei biopsv was obtained from which 
mitochondu i w ere pix^p ired is betoiv Oiigin illv it w as pi inned to ass;w 
the nutochondui iunu eioli eat hrst in the diibetic state iiid then miex 
lestoiition by insulin In orhei wonis each cat would iuinish its own 
contiol But the lugh iiioitahtv and the difticulties in aclneMiig appro- 
piiite I'csroration to noinial bv insulin t re itment in all cases pmwented ii« 
fioin nconiphshing this We wem siiccesslul, howeier, with three iits 

Ta,blv IV 


Ox ilat.u PI O'"jlal.on M'toihomir a iron of /tur' oj 

nattd D.ahiiio Cats* 


tjq'ei nent Xp 

Cat Xo, 

vrr foTO itipn, 

r r<r cm 
mitpchordml 
piotem per min 

OsjTcn uptake 
microatc'me 
per cm mito- 
clondnal pw- 
ton j'fx mm 

r 0 rst Ji 

90 

I 

202 

76 


lo: 

IV 

146 

59 

2 5 

104 

V-2 

oO 

26 

1 9 

106 

V-4 

142 

56 

2 5 

110 

VIII 

120 

46 

2 6 

114 

IX 

6S 

S7 

1 S 

115 

X 

05 

41 

2 3 

Mem treited 


lis i 19 5 

49 rb 6 1 

2 3 ± 0 14 

“ uutre ited 


So rt S S 

27 i 3 9 

1 2 i 0 I** 

“ difTerence tre itod nnd 





umre itcd 


So zh 21 4 

22 i 7 2 

1 1 ± 0 :4 

i 


3 9 


4 6 

P 


<0 01 

<0 01 

«0 01 


* See Tible III, footnote 


Cats and IX In the case of C it 4' it w as possible to obtain font 

assavs of mitoehondin prepiared from hepatic biopsies, ti' diibetio 
treited relapsed diibetie treated The rest of the dita in Tables H 
ind IV w IS obtained fiom dep increatized cits eithei in the diibetic or la 
the normal state after insulin treatment Table IV gnes the lahics o'- 
t lined the meins the stand iid erroi of the means, and the difieremo; 
ot the means betw een the noimal and the diabetic status The P ^iie^ 
for these difterences are liighlv sigmficint, indicating again that there it -w 
impiaired phospihorvlarn e capaiitv of the nutochondiia from 
Iners and more sigmficantly that this depressed function is restore 
iioimal bv adnumstration of iiisuhu in luo This is emphasised far ' 
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hy (he s^talislical conipaiifeoii of data fioin the iioimal cats (Table II) with 
tliat fiom dcpancicati/cd tats (Table IV) lestoied to a noimal status by 
insulin tieatincnt This compaiison shows no siginhcant diffeience be- 
tween the two 

We have nc\ei been able to demonstiate any cllect of nisuliu added m 
vitro to mitochondinl piepaiations eithei fiom the noimal oi the diabetic 
cat on their oxidative phosphoijdation assayed as desciibed On the othei 
hand, our data suggest strongly that the presence witlun the intact animal 
of either endogenous oi exogenous insulin maintains the mitochondiia of 
the hver of the cat in such a state that, when isolated and assayed foi phos- 
phor^datu e capacitj’’ with p 3 ’'ruvate as a substrate, the mitochondiia show 
high values of this capacity wdnch ma}'- be teimed characteiistic of the 
normal state In the diabetic cat, as oui data show, phosphoijdation by 
the isolated mitochondria falls to vei}’' low' values, but noimal values are 
agam restored upon appropriate insulin tieatment 

Livers of depancreatized cats aie maikedlj' fatty Vdiethei this is a 
cause or an effect of the decreased hepatic oxidative phosphoiylation is 
undetermined Dianzani and Scuro (11) subjected rats to pi olonged ti eat- 
ment wuth a series of substances (c g 2,4-dinitiophenol) wdnch produced a 
high degree of inhibition of oxidative phosphorylation by the livei both in 
vitro and tn vivo In these animals they obseived an accumulation of fat 
w'ltlun the liver cells Thej' concluded that “this fact favors the hj'pothe- 
sis that uncoupling of oxidative phosphoi^dation is an impoitant step in 
the pathogenesis of fatty hver degeneiation ” The possibility that an 5 ' 
hepatotoxm such as 2,4-dimtiophenol wdnch pioduces fatty infiltration of 
the hver maj' non-specificallj' depiess othei metabolic functions, including 
oxidative phosphoijdation, cannot be excluded by these expeiiments We 
have sought to obtain some diiect evidence on the possible lole of fatty 
infiltration of the liver on the oxidative phosphoiylation capacity of mito- 
chondria derived fiom such livers Houssay cats have fatty livers com- 
parable to those of depancreatized cats In mitochondrial preparations 
from tw'o such cats, we obseived noimal phosphoijdation values in one and 
normal P 0 ratios in both These pieliminary obseivations w'ould indi- 
cate that fatty infiltiation per sc does not depress hepatic oxidative phos- 
phorylation 

As aheady mentioned, both the results of Parks et al (G) and our owui 
studies on nutochondria fiom diabetic rat hvers showed no departure from 
normal We have no explanation for this species diffeience m mitochon- 
diial lesponse to insulin deprivation The possibihty that mcomplete re- 
moval of msuhn in the alloxan-diabetic i at is responsible for the difference 
must be considered 

Oui data on the depiessed oxidative phosphoiylation of the isolated 
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mitochondria fiom diabetic cat hvers are in accord with much evidence m 
the hteratuie (8) that this impairment exists when the mitochondna are in 
place within the diabetic hvei and contiibutes to certain metabohc defects 
m the diabetic status In othei words, the pieseiice of msuhn in mvo bj^ 
some undeteimined mechamsm is reqmied foi the full maintenance of 
mitochondiial function But in view of the fragile natuie of the unto 
chondiia and the possibihty of damage during isolation, particularly in 
sick animals, oui data can be regaided only as prehnunary evidence for 
this conclusion Much more experimental work is required before definite 
conclusions can be drawn 


SUMMARY 

1 Data aie presented from studies of oxidative phosphorylation of cat 
hvei mitochondria with pyruvate as the substrate Normal, diabetic, 
and diabetic msuhn-treated animals were studied 

2 The mitochondna from diabetic animals show significant and marked 
decreases m phosphorylation late, oxygen uptake, and P 0 ratio These 
changes were restored to normal by msuhn tieatment of the anunal 

3 The sigmficance of these findings is discussed 

We giatefuUy acknowledge the assistance of Dr JohnF Buse, Dr Maria 
Gordon, and Dr F D W Lukens of the George S Cox Institute, Uw* 
veisity of Pennsylvama, without whose cooperation in and supeivision of 
many phases of the animal work this study could not have been completed 
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CONTROL BY URACIL OF FORMATION OF ENZYMES 
REQUIRED FOR OROTATE SYNTHESIS'^ 

Bi RICHARD A YATESf and ARTHUR B PARDEE 
(From the Virus Laboratory, University of California, Berkeley, California) 

(Received for publication, February 8, 1957) 

C?itam enzjTnes (constitutive) aie found m bacteria at concentrations 
lelativelj’’ independent of the nutrients present in the medium (1, 2) 
In contrast, other enzjmies (inducible) are dependent for them formation 
on the presence of specific compounds, usually them substrates (3) YTiat 
mechanisms are used by the bacteria to maintain them constitutive en- 
zjmies at fixed concentiatious? Piecise contiol mechamsms are indicated 
by the remarkable coordination, durmg growth, of the syntheses of essen- 
tial bacterial constituents such as amino acids, purines, and pyrimidines (4) 
Presumably, the rates of reactions catalyzed by key enzymes control the 
syntheses of these small molecules, and regulation of these rates can be 
achieved either by specific influences of the mtraceUular small molecules 
on the activity of the enzymes (5) or, alternatively, by regulation of the 
amounts of the various enzymes It has been suggested that some constitu- 
tive enzymes are under nuclear control, them formation is not specifically 
influence d by the small molecules m the cytoplasm (6) But substrates 
and products of the essential leactions catalyzed by these constitutive 
enz 3 rmes are normally present m the bacteria, and these compounds could 
mediate the formation of the enz 3 rmes (7) Few data have been accumu- 
lated m support of these hypotheses (see “Discussion”) 

An approach to these problems was found m certain observations on 
the activities of three enzymes reqmred for orotic acid synthesis (ureido- 
succmic synthetase, dihydroorotase, and dihydroorotic dehydrogenase) 
The activities of these enzymes m Escherichia coli were found to be of 
approxunately the proper magnitude to provide an adequate supply of 
pyrimidmes to the growmg bacteria, and, smee the enzymes were found 
m cells grown m a salts-glycerol medium (8), they can be classified as 
constitutive In another orgamsm, Zymohacterium oroticum, two of these 
enzymes reached much higher levels when the bacteria were grown on 
orotate than when they were grown on glucose as the sole carbon source, 
therefore, the enz 3 Tnes, though stiU essential, were also mducible It 

* Aided by the American Cancer Society Donation VI-9 and by a grant from the 
Rockefeller Foundation 

t Present address, Chemical Department, du Pont Experimental Station, "Wil- 
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seemed possible that in E coh, too, the amounts of the enzymes could be 
made to vary, and experiments were perfoimed to accomplish this It 
was soon found that activities were easily altered and were dependent on 
the intracellular concentrations of metabolites which were not substrates 
of the enzymes, but rather end products of the metabolic pathway These 
metabohtes acted as inhibitors of enzyme formation 

Materials and Methods 

L-Aspartic acid was obtamed from the Nutritional Biochemicals Cor- 
poration, uracil, OA,^ and other pyrimidmes were obtamed from the 
Calif orma Foundation for Biochemical Research, and 6-azauracil was a 
gift from Dr E Sassenrath and was prepaied by Dr A D Welch dl- 
CAA, l-DHO, and CP were prepared in these laboratories as described 
previously (8) 5-Methyl-DL-tryptophan was obtamed from the H M 
Chemical Company Chloromycetm was a gift from Parke, Davis and 
Company 

The bacteria used m these experiments were E coh, strain B, and some 
pyrirmdme-reqmrmg mutants of other strams of E coh Mutant R 185- 
482, isolated by Dr R R Roepke, was kmdly provided by Dr B D 
Davis This mutant reqmres citrulhne or argimne plus uracil, cytosine, 
CAA, DHO, or OA for growth, and apparently lacks the ability to form 
CP Mutant 6386 (ATCC No 12632), also obtamed from Dr B D 
Davis, had earher been found to lack the enzyme dihydroorotic acid 
dehydrogenase (8) Mutant 58-5417, kindly provided by Dr S R Gross, 
had been characterized m this publication as lacking the enzyme dihydro 
orotase Mutant 550-460 (ATCC No 11548), isolated by Dr R R 
Roepke, grows on uracil or undme and accumulates CAA, DHO, and OA 
It therefoie is blocked somewhere in the conversion of OA to undine 
5'-phosphate 

The bacteria were grown at 37° m hqmd culture, being aerated by 
swirhng The minimal medium consisted of inorgamc salts plus glycerol 
as an energy source (8) If not stated elsewhere, 4 X lO"^ m argimne and 
2 X 10~^ M uracil, OA, DHO, or CAA. were used when needed to permit 
growth 

Cell-free extracts were prepared by subjecting bacteria to some oscilla- 
tion m a 9 kc Raytheon magnetostriction oscillator at 4° for 10 minutes 
Bactena m samples of less than 5 ml could be broken by placing them m 
a plastic centrifuge tube which was floated in 15 ml of water m the oscil- 
lator cup The extracts were centrifuged 3 imnutes at 8000 X ^ to remove 
whole cells and cellular debris 

* The abbreviations used in this paper are carbamyl aspartic acid (ureidosuccinic 
acid), CAA, dihydroorotic acid, DHO, orotic acid, OA, carbamyl phosphate, > 
ribose nucleic acid, RNA 
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Of Ihc enzymes tested, n-senne deaminase and ^-galactosidase were 
assayed asdesciibed pieviously (9, 10), and the othei enzymes as described 
below Aspaitaie earhamyl tiansfeiase (11) (uierdosuccmic S 3 mthetase)- 
leaction mixtiues contained 0 05 m potassium phosphate buffer (pH 7 0), 
0 015 M L-aspaitic acid, 0 008 M CP, and e\tiact capable of forming about 
2 /iinoles of CAA per ml of leaction mixture The 2 0 ml reaction 
mixture was incubated 20 or 60 minutes at 25°, depending upon enzyme 
activity The reaction w'as halted by lapid passage of a 1 ml ahquot 
through a 1 ml Doivex 50 (acid form) column (m order to remove citrul- 
hne), follow'ed bj’’ an equal volume of water to rinse the column The 
eluate Avas assayed for CAA (12) Occasionally assays for DHO and OA 
Aveie performed, but these two compounds together rarely amounted to 
10 per cent of the CAA value In some expenments CAA was determmed 
by the method of ICmvett (13), m which case it was not necessary to pass 
the assay mixtuie through a column, and the reaction was halted with 
4 per cent HCIO4 

Dihydroorotase — Eeaction mixtures contamed 01 m sodium acetate 
buffer (pH 5 5), 0 008 m dl-CAA, and an extract of about 6 X 10® bacteria 
(equal to about 0 9 mg of protem) m 3 0 ml The reaction mixture was 
incubated at 25°, and samples taken at 10 and 20 minutes were run thiough 
ion exchange columns as above and assayed for DHO (8) Neither 
aspartate carbamyl transfeiase noi DHO dehydrogenase is active at the 
pH of this assay 

Dihydroorotic Acid Dehydrogenase— 'Reaction mixtures contamed 0 05 M 
potassium phosphate buffer (pH 7 5), 0 002 m DHO, and 0 45 mg of 
extract protem m 3 0 ml The control sample lacked DHO The optical 
density of the reaction mixture, in a sihca cuvette, was measured at 290 mij, 
with a Beckman model DU spectrophotometer by usmg the control sample 
as a blank Readmgs were made at 30 second intervals for 6 mmutes, 
and the imtial rate of production of OA was calculated (eoA = 6 2 X 10®) 
(8) Protein measurements were made by the Fohn-Ciocalteu method 
(14), and ribonucleic acid was deteimmed by the Mejbaum orcmol meth- 
od (15) 

Starch Electrophoresis — Cell-free extracts were fractionated with the 
starch electrophoiesis apparatus descnbed by Paigen (16) An extract of 
about 6 X 10®“ bacteria was placed near one end of a tray 30 cm long, 
3 cm wide, and contaimng 40 gm of starch and 35 ml of 0 02 m tns- 
(hydroxymethyl)aminomethane buffer, pH 7 6 150 volts were apphed 

for 15 hours The starch trays were cut m 0 5 cm sections and eluted 
with water, and the eluates were assayed for the desired substances 

Ultraviolet Irradiation — Heavy irradiation of bacterial suspensions in 
minimal salt solutions, 0 5 cm deep, w^as given by a 2 mmute exposure to 
three Westmghouse sterile lamps. No WL-782L-30, at a distance of 14 
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inches Aftei this treatment, foimation of nucleic acids by the bacteria 
was essentiallj'- abolished Mild ii radiation was given by a 0 35 ampere 
Rad-i-air lamp mth an intensity of 350 eigs sec cm at 85 cm 

EXPERIMENTAL 

Stimulation of Enzyme Production hy Pyrimidine Depletion — The tliree 
enz 3 Tnes of orotic acid synthesis studied here were present m E coli, 
strain B, grown on a salts-glycerol medium, and hence they appeared to 
be typical constitutive enzymes (8) When attempts were made to bring 


Table I 

Effects of Uracil on Enzyme Formation 


E coh 

Uracil 

Specific activity 

ACTase 

DHOase 

DHOdeh 

B 

1 

0 47 

■M 

0 49 

58-5417 

-H j 

0 34 


0 35 


— 

88 0 

0 00 

3 4 

6386 

-t- 

0 40 

1 0 

0 00 


— 

86 5 

8 7 

0 00 

550-460 

+ 

0 37 

0 07 

0 34 


— 

48 6 

3 0 

1 31 


The bacteria were grown to the exponential phase in salts-glycerol medium sup 
plemented with uracil in the case of the mutants They were centrifuged and 
resuspended in fresh medium with or without uracil, and aliquots were taken foren 
zyme and protein assays at 110 minutes The enzyme activities are given as micro 
moles per mg of protein per hour The abbreviations are ACTase for aspartate 
carbamyl transferase, DHOase for dihydroorotase, and DHOdeh for dihydroorotic 
dehydrogenase 

about vanations in the activities of these enzymes in E coli, it was found 
that all three of the enzymes showed great increases m specific activity 
when the bactena were deprived of pyrimidines Pyriimdine depletion 
was attained m pyrinudine-requinng mutants, grown in the presence of 
uracil, by washing the bacteria and aerating them at 37° m the minimal 
medium Each of the mutants initially had enzyme activities sunilar to 
those of the wild type {E coli, stram B), but after pyrimidine starvation 
the activity of aspartate carbamyl transferase had increased 150- to 500- 
fold, dihydroorotase 10- to 40-fold, and dihydroorotic dehydrogenase 
4- to 10-fold (Table I) 

The absence of a pjuimidme supply did not result in an accelerated 
formation of cellular components in general, m fact, qmte the opposite 
result was obserxmd (Fig 1) After the pyrimidme-requinng mutant ha 
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taken up all available uiacil, as indicated by abrupt cessation of RNA 
S 3 nithesis and the appearance of OA in the medium (8) at 35 minutes, the 
sjm thesis of piotein and of the inducible enzyme D-serine deaminase was 
halted within 10 minutes These observations are in agreement with, and 



Fig 1 Formation of various materials upon depletion of uracil Mutant 550 
460 grown on salts-glj cerol medium plus uracil w'as centrifuged and resuspended in a 
similar medium containing 1 7 per ml of uracil Subsequently, assays were made 
for various materials The results for protein (•) and RNA (A) are expressed as 
per cent changes over the initial values, orotic acid (O) and n-serine deaminase 
(A) are increases over initial values in arbitrary units 


Table II 

Effects of Rich Medium on Enzyme Formation 


Supplements 

1 Specific activity 

ACTase 

DHOase 

DHOdeh 

Arginine + uracil 

0 31 

0 15 

0 37 

“ -t- DHO 

150 0 

1 07 

3 60 

1% broth and 0 1% yeast extract 

4 7 

0 29 

0 71 

1% “ 0 1% yeast extract, and DHO 

3 3 

0 15 

0 66 


E coh mutant R 185^82 was grown on salts-glycerol medium plus arginine and 
uracil, and was centrifuged, resuspended, and aerated for 110 minutes in media with 
the above supplements Assays were made for enzymes and protein The units 
and abbreviations are described in Table I 

extend, prior observations on the dependence of /3-galactosidase formation 
on a supply of pyrmudmes (10, 17) 

The relation between pyrimidme starvation and enhanced activity of 
the enzymes of orotic acid S 3 mthesis is also specific in the sense that other 
methods of upsetting the bacterial metabohe economy did not affect these 
enzyme activities nearly as greatly In one set of expenments, a rich 
medium was used (Table II) , mutant R 185-482 growm in this medium had 
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a 10-fold enhanced aspartate carbamyl transferase activity, and dihydro- 
orotase and dihydroorotic dehydrogenase were increased 2-fold each over 
the values found in the same stram grown in minimal medium plus uracil 
and argimne 

The effects of a less adequate medium were also tested, growth of mutant 
6386 m a minimal medium plus uracil was mhibited by addition of 5- 
methyl-DL-tryptophan This mhibitor piesumably acts by preventmg the 
synthesis of tryptophan (18) At a concentration of 2 7 per ml it per- 
rmtted only a shght protein increase, while the specific activity of aspartate 
carbamyl transferase usually mcreased by a factor of only 2 The actual 
results were quite variable, howevei The experiment shows that this 
method of slowing growth did not stimulate fonnation of these enzymes 

To determme whether mild ultraviolet iriadiation specifically affects 
the abihty of E coh to form these enzymes, a rapidly growing culture of 
mutant E, 185-482 was washed and suspended m minimal medium without 
a carbon source, and ahquots were irradiated wuth ultraviolet light for 
various lengths of tune The bacteria, kept m the dark to avoid photo- 
reactivation, weie then diluted mto minimal medium contaimng arginine 
and DHO and mcubated at 37° At various tunes after irradiation, 
smtably diluted ahquots were placed on broth (plus uracil) agar plates 
for viable counts, and other ahquots were assayed for enzyme activities 
Irradiation reduced the viable count to as little as 3 per cent of the control, 
and formation of each of the three enzymes was depressed by a factor of 
2 or less There was no difference m abihty to synthesize protem m the 
irradiated and non-iriadiated cultm'es Evidently, any imbalances 
created by lethal doses of irradiation were not capable of preferentially 


brmgmg about mcreased enzyme activities 

The results of kmetic studies of enzyme formation aftei removal of 
uracil are shown m Fig 2 Formation of the three enzymes took place at 
a far greater rate in the absence than in the presence of uracil There 
wms no lag m the formation of aspartate carbamyl transferase 01 DHO 
dehydrogenase, and in fact it was difficult to obtain their true uutial 
actmties A lag was observed in the formation of dihydrooiotase, but 
this enzyme is unstable and the first enzyme molecules formed may have 
been mactivated, e p by traces of heavy metal 10ns A pyrimidme pre- 
cursor (CAA or DHO) wms required for enzyme formation, but only aft®^ 
about 30 minutes It is likely that traces of intracellular pyrimidines 


w^ere adequate imtially to allow protem foimation Little increase m 
protein was observed in these experiments m either the presence or the 
absence of DHO, the protein inci eased only by about 20 per cent in 2 hours, 


whereas the control mcreased 300 per cent 
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The cfTcci of icsuniption of growth is shown m Fig 3 In this experi- 
ment, aftei eiujone foimation in minimal medium (plus arginine), the 
bacteiia i\eic provided with fresh medium containing uracil and arginine 
Rapid giov th commenced, but specific activities of the enzymes decreased 
Formation of these enzymes was then not as rapid as total protein synthesis. 



INCUBATION TIME IN MINUTES 

Fig 2 Specific activity changes in mutant R 185-482 after deprivation of uracil 
The experiment was performed as for Table I Aliquots vere taken at intervals for 
assay (A) Aspartate carbamyl transferase, (O) dihydroorotase, (□) dihydro- 
orotic dehydrogenase Solid lines were for cultures in the presence of DHO and 
dashed lines for those obtained in its absence Activities are in arbitrary units per 
mg of protein 

however, the formation of the enzymes did not cease abruptly but con- 
tinued less rapidly foi an hour or more The enzymes were stable under 
growth conditions, but the conditions for their formation were not pre- 
served 

Compounds WJnch Control Formation of Enzymes oj Orotic Acid Synthesis — 
The marked increases m enzyme activities, desciibed above, are suggestive 
of the specific inci eases bi ought about m othei cases by addition of low 
molecular weight compounds to the culture medium (enzyme induction) 
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Expeiunents were therefore directed toward determining whether the 
changes m activity found above could be attributed to changes m the 
concentrations of some small molecular weight compounds Three 
hypotheses as to the mechamsm of control of synthesis may be made 

(1) CAA or another pyrimidine mtermediate is required as an enzyme 
mducer and is present at high concentration only m non-growmg bacteria 

(2) Uracd, or some derivative thereof, present at moderate or low con- 
centrations in growing bactena but absent m resting uraciUess mutants, 
inhibits enzyme formation (3) Some balance of metabohtes other than 



Fig 3 Recovery from uracil deprivation The experiment was performed hte 
that described for Fig 2, except that at 2 hours uracil was added Specific activities 
are shown as solid lines, and activities per ml are plotted as dashed lines Symbols 
are the same as those used for Fig 2 Protein values are shown by (X) 

pyiumdines, different m lapidly growung bactena as compared to bactena 
under conditions of pyrinudme starvation, is lesponsible, for example, the 
systems w^hich fonn the three orotic acid-synthesizmg enzymes nught not 
be able to compete successfully with other enzyme-formmg systems for 
metabohtes such as amino acids, except that the former enzymes might 
be made preferentially if foimation of othei enzymes is inhibited by a low 
supply of pjamudines 

The first mechanism, typical of enzjmie induction, is ruled out by two 
kmds of evidence Mutant R 185-482 appears to lack the abihty to form 
CP and does not accumulate CAA, DHO, or OA in the medium Gro^t 
of this mutant with macil should result in virtual absence of these pyrimi- 
dme precursors in the bacteria, especially since the metabolic sequence is 
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iiieveisiblc at the step between oiotidylic and uridybc acids (19) There- 
foie, if CvVA, DUO, oi OA weie leqmied as induceis of any of the three 
enzymes tested, these cnzjnnes should be foimed in lower concentrations 
in this mutant, undei all conditions, than in the wild type bacteria This 
Mas not the case Similaily, maiked incieases of enzyme activities were 
found foi three othei mutants (Table I) In minimal medium, mutant 
58-5417 pioduced oiilj’- the precursoi CAA, mutant 6386 produced CAA 
and DHO, and mutant 550-460 produced CAA, DHO, and OA, yet aU the 
mutants formed similai amounts of each of the three enzymes There- 


Table III 

Comparison of Effects of Uracil and Orolate 


Eimerimcnt 

No 

£ colt 

Pj rimidine supplement 

Per cent 
protein 
increase 

Specific activity 

ACTase 

DHOase 

DHOdeh 

"rt 

O 

oa. 

1 

R 185-482 

Uracil 

232 

0 31 

0 15 

0 37 




OA 

223 

0 70 


0 36 


2 

6386 

“ -f uracil 

105 

0 2 



286 



<< 

72 

71 0 



190 

3 

6386 

Uracil 

255 

0 4 

1 0 

0 00 




OA 

242 

11 5 

1 9 

0 00 




None 

21 

86 0 

8 6 




The experiments were performed as in Table I In Experiment 1, mutant R 185- 
482, which grew as well on OA as on uracil, was incubated for 110 nunutes The 
strain of mutant 6386 used for Experiment 2 grew relatively slowly on OA It was 
exposed for 60 minutes in the presence of 1 mg per ml of lactose as an inducer for 
/3-galactosidase (/3-Gal) In Experiment 3 a substrain of mutant 6386 that grew 
rapidly on OA was incubated for 110 minutes 

fore, the concentrations of pyimndme precursors reqmred for formation of 
these enzymes must be extremely small, if such precursors are required at 
all 

The inabihty of pyrimidine precursors to act as mducers was shown in 
yet another way, z e , by demonstration of absence of induction m the 
presence of substrates of the enzymes Substrams of mutant R 185-482 
were selected which grew rapidly on CAA, DHO, or OA Cultures giown 
with each of these compounds as the sole pyrimidine piecursor had the 
same low activity of the three enzymes as a culture grown with uracil, 
even though precursors were present in high concentrations (Table III) 
Similarly, when the mutant was grown on a rich medium, addition of 
DHO had no influence on the enz 3 Tne levels (Table II) By contrast, 
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strains of the same mutant which grew slowly on CAA or DHO shoi\ed 
greatly mcreased enz 3 Tne activities in the presence of these compounds 
(Fig 2) It IS hkely that in the latter case the precursors served to pro 
vide a contmuous minute supply of pyrimidines Presumably, slow growth 
was due to low permeabihty smce enz 5 anes for metabohsm of CAA to OA 
were present, and OA permitted rapid growth 
The second mechanism of control requires that formation of the enzymes 
be inhibited whenever surplus pyrimidines are present m the bactena, and 
the third mechamsm reqmres mhibition by a suboptimal supply of some 
nutrient other than pyrimidines It is difficult to distinguish between 
these possibilities A smtable method might be to study enzyme activities 
under conditions whereby pyrimidmes are removed as rapidly as they 
become available but which permit nearly normal rapid growth, so that 
other nutrients are at concentrations similar to those foimd in cultures 
possessmg surplus P 3 aimidmes This objective was accomplished in 
three ways, and m each case a marked stimulation of aspartate carbamyl 
transferase activity was observed First, it was noted that substrains of 
mutant 6386 grew shghtly less rapidly with OA than with uracil, hence 
the pyrimidine supply limited growth in the former case Measurements 
of aspartate caibamyl transferase showed far greater activities in bacteria 
grown on OA than in those grown on uracil (Table III) Bacteria grown 
m the presence of both OA and uracil had low activities, therefore the 
differences were due to an inhibition by uracil rather than to a stimulation 
by OA Other data (Table III) show that /3-galactosidase formation 
varied in the same way as did protein, so that other nutrients were probably 
in similar supply under both conditions 
A second method of limiting the supply of pyrimidmes was by addition 
of 6-azauracil (20) to the medium This compound prevents formation 
and utihzation of OA by E coh,^ when it is added at low concentrations 
it hmits growth by creating a pyrimidine deficiency The effects of its 
presence on formation of protem, /3-galactosidase, and aspartate carbamyl 
transferase by E coh strain B and the mutant 6386 are seen in Table IV 
Azauracil has been shown to inhibit /3-galactosidase formation ® Growth 
and /3-galactosidase formation were only shghtly inhibited, and yet the 
transferase activity was greatly stimulated These results strongly im- 
phcate mtrabactenal pyrimidines as inhibitois of formation of this enzyme 
Table IV also indicates that higher concentrations of 6-azauracd m 
hibited formation of aspartate carbamyl transferase This action appears 
to be a specific inhibition rather than part of the generahzed inhibition o 
all S 5 mtheses owmg to a low supply of pynmidines, because protein an 

- Pardee, A B , and Prestidge, L S , unpublished 
’ Personal communication, Handschumacher, R E 
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and, at the same tune, a considerable inhibition of /3-galactosidase forma- 
tion resulted for a short period The sunultaneous addition of uracil 
inhibited the transferase formation considerably, as would be expected 
from the second hypothesis of the method of control However, |3-galac- 
tosidase synthesis was not restored, thus, nutnents other than uracil must 
have been m short supply also These three observations favor the 
hypothesis that the formation of the enzymes is controlled by pyrimidmes 
rather than by availabdity of trace nutrients, inasmuch as the enzymes 

Table VI 


Effects of Inhibition of Protein Synthesis 


E colt 

Inhibitor 

Supplements 

Specific activity 

ACTase 

DHOase 

DHOdeh 

R 185-482 

None 

DHO, arginine 

150 

1 07 

3 6 


No arginme 

None 

2 4 

0 39 

0 32 


Heavy ultraviolet 

DHO, arginme 

1 3 

0 41 

0 29 

6386 

None 

OA 

71 




5-Methyltrypto- 

CC 

0 7 




phan 






Chloromycetin 

(t 

0 3 




In the first experiment, mutant R 185-482 was grown in the presence of arginine 
and uracil, centrifuged, and resuspended in new media containing the supplements 
and inhibitors shown above One aliquot was treated with strong ultraviolet light 
Cultures were aerated for 110 minutes and then analyzed The second experiment 
was similar except that mutant 6386 was employed, 40 y per ml of 5-methyltrypto 
phan or Chloromycetin were added to the cultures, and exposure was for 60 minutes 
At the end of each experiment, assays were made for protein and enzymes The 
results are expressed as in Table I 

are formed under faster and slower growth rates, but only when the pyrimi- 
dine supply IS low 

Role of Protein Synthesis — It may be asked whether the great increases 
of enzyme activities described above result from formation of new enzyme 
molecules or are brought about by some process of activation of preexistmg 
enzymes This question is especially pertinent because the activities 
increased most under conditions whereby other enzymes were not rapidly 
made It was first determmed that the enzymes of orotic acid S 3 mtliesis 
could not become more active under various conditions of inhibited protein 
s 3 mthesis (Table The increased activities of these enzymes require 

the presence of arginme, and were inhibited by Chloromycetin, 5-metny - 
tryptophan, or a heavy dose of ultraviolet hght It will be recalled that 
a requirement for traces of pynmidmes exists (Fig 2) 
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A 11101 c diicct dcinoiistiation of de novo formation of aspartate carbamyl 
tiansfciase was piovided by an expeument in which it was shown that if 
extiacts of pjnimidine-starved bacteria were distributed in the starch 
electiophoresis appaiatus, much newly formed piotein moved with the 
aspartate carbarn jd tiansferase fraction For this study, a growing 
cultuic of mutant R 185-482 was washed, resuspended in mimmal medium 
plus aiginine, and permitted to lespire in the piesence of C'Meucine for 
60 minutes (all leucine should have been used within 5 minutes) A 
cell-free extract was prepared by some oscillation and partly resolved by 
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Fig 4 Starch electrophoresis of an extract of mutant R 185 482 to which leucme- 
2-C“ was added after the removal of uracil (X) optical density at 260 m;u (nucleic 
acids), (O) protein, (O) (A) aspartate carbamyl transferase Ordinates are in 

arbitrary units 

starch electrophoresis The patterns of protein, aspartate carbamyl 
transferase, and optical density at 260 mp (as a measure of nucleic acids) 
are presented in Fig 4 It is seen that was distributed in a mannei 
similar to total protein except at the position where the enz 3 ane was found 
Calculations from these data show that several per cent of the newly 
formed (C^'*) protein may be aspartate carbamyl transferase 

As a control, a rapidly growing culture of mutant R 185-482 was exposed 
to C*^-leucme, and an extract was prepared and treated as above The 
patterns of protein and coiiesponded at all points, within experimental 
error, unlike the results m Fig 4 Therefore these results show that the 
inci eased transfeiase activity is accompanied by selective synthesis of a 
new protein of mobihty similai to the transferase 
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These lesults indicate that enough aspartate carbamyl transfeiase is 
present (perhaps 1 per cent of the total protein) to make its purification 
from pyiimidme-starved bacteria feasible Preliminary experiments have 
resulted in a 50-fold purification by conventional procedures of ammomum 
sulfate fractionation at pH 7 0 (39 to 50 per cent satuiation), heat mactiva- 
tion (65°), and isoelectric precipitation (pH 5 5), followed by starch 
electrophoresis The highest specific activity obtained was 3 5 moles of 
CAA formed per hour per gm of protem This activity is considerably 
greater than that obtained by Reichard and Hanshofif (11), as would be 
expected from the relative activities of the starting materials 

DISCUSSION 

Three enzjunes of orotic acid biosynthesis m E colt were shown to be 
capable of great variations of activities, depending on conditions of cultuie 
of the bacteria Furthermore, the mcreases observed represent actual 
foimation of enzyme protems and not simply activation of preexisting 
enzymes The question anses as to how these potentiahties for enzyme 
formation are held at a relatively constant low level, one convement for 
supplying the growth requirements of the bacteria without waste under 
most conditions In other words, why do the enzymes normally act hie 
constitutive enzymes? The question is answered by the discovery that 
formations of these enzymes are under the control of end products of their 
metabohc pathway (clearly proved at least in the case of aspartate carbamyl 
transferase) It has not been possible to determine what compounds 
actually function as “repressors” (21) of enzyme formation, but they 
must be leadily derived fiom m-acil, a potent inhibitor, or from 6-azauracil 
(which IS similarly anabohzed) ® 

This method of control, by enzyme repression, should be distmguished 
from other types of control It has previously been shown that a pynmi- 
dme derivative, probably cytidine, controls the rate of pyrimidine bio- 
sjmthesis by inhibitmg the activity of aspartate carbamyl transferase (5) 
This mode of control is clearly distmct from the control of enzyme synthesis 
described above, it seems reasonable to suppose that both regulatory 
mechanisms are of use to E coli Enzyme induction (specific control of 
enzyme formation by the substrate) must also be distingmshed from the 
above two regulatory mechanisms (The fourth member of this set of 
regulatory mechamsms is the most commonly described, le enzyme 
activities are dependent on substrate concentrations ) The complunentary 
modes of action on enzyme formation of repressors and mducers have 
implications regarding the mechanism of enz 3 mie formation (21) which w 
not be discussed here It is worth mentiomng that the enzymes are 
maintained at a basal level even when the bacteria are giorni m the pres 
ence of uracil 
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Such a, poweiful mode of metabolic legulation as enzyme repression 
could be of primal y impoitance m the growth of umcellular orgamsms (22) 
That some such mechanism may be widespread has been suggested recently 
by Neidhardt and hlagasamk (23) m view of experiments on the inhibi- 
tion bj'' glucose of synthesis of some inducible enzymes A number of 
obseivations, both general (4) and specific (7, 24, 25), support the view 
that lepression mechanisms are widespread The most complete demon- 
stration of lepression is of acetylornithmase formation by argimne, shown 
verj’' recently by Vogel (21) ^ The entire problem is made difficult in that 
it IS hard to find “gratuitous conditions” (3) Shortages m the amounts 
of small molecules required for essential biosjmtheses have profound 
non-specific effects on enzyme formation, and these effects interfere with 
observation of their possible specific effects 

Both m the present case and in the preferential formation of ;8-galac- 
tosidase m response to addition of galactosides (26, 27), enzymes are 
formed, the action of which normally helps to overcome the metabohc 
deficiency Any such mechamsm would evidently be most useful to the 
bacteria under conditions of remediable stress 

Finally, it seems clear that, while the term “constitutive enzyme” (2) 
has meamng at the nutritional level of investigation, it is not at present 
useful at the level where interactions of molecules are considered 

SUMMARY 

1 It was possible to cause three “constitutive” enzymes required for 
orotic acid formation in Escherichia coh to increase m their specific activities 
by one to two orders of magmtude 

2 The formation of these enzymes is controlled by a mechamsm of 
enzyme repression End products of the metabohc pathway, derived 
from uracil, inhibit enzyme formation 

3 Inhibition studies and experiments with radioactive leucine incorpora- 
tion show that actual enzyme formation is involved, rather than enzyme 
activation 

4 The above results aie discussed in relation to other modes of metabolic 
contiol 
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In Papeis I and II m this series, evidence was presented foi the reductive 
pathway of uracil degradation by Clostridium uracilicum (1, 2) This 
pathv ay may be viewed as follows 

Uracil — > dibydrouracil /3-ureidopropionic acid — > /3-alanine, 

carbon dioxide, and ammonia 

The purpose of this paper is to describe the purification and properties 
of the enzyme, dihydrouracil dehydrogenase, and to present further evi- 
dence for the foUowmg reaction 

HN— C=0 

I I + DPNH + H+ 

0==C CH ( — > 

I II 

HN— CH 
Uracil 

EXPEKIMBNTAL 

Methods — C uracilicum, strain M5-2, was used, and the methods of 
culture and preparation of cell-free extracts were described previously (2) 
Glucose dehydrogenase was purified as described by Strecker and Korkes 

(3) , calcium phosphate gel was prepared accordmg to Keilm and Hartree 

(4) Glucose was estimated spectrophotometrically with hexokmase (5), 
and glucose-6-phosphate dehydrogenase (6) as described by Lieberman 
and Kornberg (7) Uracil was determmed by optical density measure- 
ment at 260 m /1 m a Beckman DU spectrophotometer, and protem by the 
method of Lowry et al (8) Paper chromatography of reaction mixtures 
was carried out as described previously (2) 

Assay of Dihydrouracil Dehydrogenase — It has been estabhshed that 
reduced diphosphopyridme nucleotide (DPNH) is lequired for the reduc- 
tion of uracil to dihydrouracil (2) Foi assay pui poses DPNH was gen- 

* Scientific Paper No 1520, Agricultural Experiment Stations, Institute of Agri- 
cultural Sciences, State College of Washington, Pullman, Washington 
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HN— CH 2 
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erated by the addition of glucose, glucose dehydrogenase, and diphospho- 
pyridine nucleotide (DPN) to the test system The reaction mixture 
contamed 10 /xmoles of MgCh, 150 /nmoles of potassium phosphate buffer, pH 
7 4, 0 5 /nmole of uracil, 10 /nmoles of cysteine, 0 05 /umole of DPN, 200 
/nmoles of glucose, 250 umts of glucose dehydrogenase, and the enzyme 
m a total volume of 3 0 ml All the components except glucose dehy- 
drogenase were incubated foi 10 minutes at room temperature Glucose 
dehydrogenase was added and the rate of uracil removal was determined 
by measurmg the decrease in optical density at 260 m/n A unit of enzyme 
IS defined as that amount which produces a reduction in optical density of 
0 100 in 10 minutes, specific activity is expressed as units per mg of pro- 
tein In the absence of glucose, glucose dehydrogenase, or DPN, no re- 
moval of uracil was noted 


PunfimUon of Dihydrouracil Dehydrogenase — All purification steps were 
carried out at 0-5° 

Removal of Nucleic Aeid — ^Nucleic acid was removed from the cell-free 
extract by precipitation with manganese chloride as described by Korkes 
et al (9) 25 ml of a 1 0 M solution of MnCh were added to 500 ml of 

extract and stirred for 10 minutes The stringy precipitate was removed 
by centrifugation and discarded The ratio of optical densities at 280 
and 260 m/t (10) was deterimned on the supernatant hqmd, and it (1 40) 
indicated that essentially all of the nucleic acid was removed by this treat- 
ment The supernatant solution was dialyzed for 12 hours against 0 05 
per cent sodium sulfide 

Ammonium Sulfate Fraction — ^The dialyzed solution was adjusted to pH 
6 0 with dilute acetic acid, and 185 gm of sohd ammomum sulfate were 
added ivith stirrmg for 25 minutes, after which the precipitate was removed 
by centrifugation and discarded Ammonium sulfate (38 gm ) was added 
to the supernatant solution and stirred for 25 mmutes The precipitate 


was removed by centrifugation and dissolved m 100 ml of water 

Acid Ammonium Sulfate Fraction — ^To the ammomum sulfate fraction 
were added 25 ml of sodium acetate buffer (0 2 m, pH 4 6) and 30 gm of 
ammomum sulfate with stirring After the fraction was stirred for 15 


mmutes, the precipitate was removed and discarded and to the superna- 
tant solution were added 20 gm of ammomum sulfate After the solution 
was stirred for 10 minutes, the precipitate was removed and dissolved m 


40 ml of sodium acetate buffer (0 01 m, pH 6 0) 

Fvst Calcium Phosphate Gel Treatment — Calcium phosphate gel (0 
volume) V as stiried into the solution (pH 6 0) The suspension was stirre 
for 15 to 20 minutes and centrifuged, and the gel discarded This step 


lemoved considerable ineit protein and a minimum of enzyme 

Second Calcium Phosphate Gel Treatment — ^The solution was adjuste ^^o 
pH 5 5, and 0 6 volume of calcium phosphate gel was added to adsorb ^ 
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enzyme completely Aftei being stirred for 15 to 20 minutes, the gel was 
removed by centrifugation and washed three times with 5 volumes of 
water The wash water and the supernatant flmd were discarded The 
enzyme was eluted fiom the gel by stirrmg for 30 mmutes with 0 2 m potas- 
sium phosphate buffer, pH 7 4 The volume of buffer used was approxi- 
mately one-fouith of the volume of the solution after the first gel treatment 


Table I 

Purification of Dihydrouracil Dehydrogenase 


Fraction 

Volume 

of 

solution 

Units 

Specific 

activity 

Yield 

Cell-free extract 


36,000 

units per mg 

16 66 

per cent 

Dialyzed MnCls supernatant fluid 

■■ 

22,400 

26 12 

64 

Ammonium sulfate 

100 

21,000 


60 

Acid ammonium sulfate 

40 

18,666 


53 

1st calcium phosphate gel treatment 

44 

14,000 


40 

2nd “ 

10 

9,000 

HI 

26 


Table II 

Effect of Enzyme Concentration on Uracil Reduction 


Amount of enzyme 

A optical density 

ml 

260 mu 

0 00 

0 000 

0 02 

-0 048 

0 04 

-0 108 

0 06 

-0 152 

0 08 

-0 200 

0 10 

-0 260 


The conditions were as described in the text for routine assay 


Data on the various steps in a typical procedure (Table I) show a 
27-fold purification of the enzyme This is in the range of purification 
usually obtained (20- to 30-fold) by the fractionation procedure employed 
Specificity of Purified Enzyme — ^The enzyme was tested for activity 
with cytosine, 5-methylcytosme, thymine, and orotic acid No activity 
was obtained with any of these compounds Furthermore, the enz 3 Tne 
does not convert dihydrouracil, /3-ureidopropiomc acid, or carbamyl phos- 
phate to end products 

Influence of Enzyme Conceniraiion on Rate of Uracil Reduction — ^Under 
the conditions of the routine assay the rate of uracil reduction was propor- 
tional to the amount of enzyme present T 3 npical data are given m Table 
II 
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These values are in essential agreement with those reported for dihydro- 
uracil by Batt et al (12) Paper chromatography of the alkaline decom- 



6 a 10 12 14 

MICRONS 

Fig 2 Infrared spectra of authentic dihydrouracil (upper curve) and the en 
zymatic product (lower curve) in KBr on a Perkin-Elmer recording spectrophotom 
eter The peaks at 13 88 and 15 0 n are due to COj absorption 



Fig 3 Absorption spectra of uracil and the product of dihydrouracil oxidation 
The curve represents the spectrum of uracil O, values obtained upon complete 
oxidation of dihydrouracil under the conditions described in Fig 4 

Fig 4 The oxidation of dihydrouracil to uracil The reaction mixture containe 
MgCls, lOjumoles, potassium phosphate buffer (pH 7 4), 150/jmoles, uracil 0 5 /imo e, 
cysteine, 10 ^jmoles, DPN, 0 05 mole, dihydrouracil dehydrogenase, 25 umts, m a 
total volume of 3 0 ml The control contained all components except dihydrouraci 
Glucose dehydrogenase (250 units) and glucose (200 /tmoles) were added as indica e 


position product showed the presence of a compoimd which behaved i en 
tically with jS-ureidopropiomc acid m the solvents employed 

To estabhsh defimtely that the enz 3 miatic product was dibydrourac , 
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its mfraied absoiption spectrum was detei mined and compared with that 
of authentic dihydrouiacil Fig 2 shows that the enzymatic product 
has the same mfiaied absoiption spectium as dihydiouracil 

These data show cleaily that the enzymatic pioduct of uracil reduction 
IS dih3'^drouiacil 

Oxidation of Dihydiouracil to Uracil — ^The leversibihty of the conversion 
of uiacil to dihydrouiacil was demonstrated by incubation of the purified 
enzjTiie vnth dilij'^drouracil under routine assay conditions, except that 
glucose and glucose dehydiogenase were onutted A compound with the 
ultraviolet absorption spectium of uracil was formed from dihydrouracil 
(Fig 3) , its complete removal was effected by the addition of glucose and 
glucose dehj'^drogenase (Fig 4) The oxidation of DPNH was achieved 
bj’' the action of a DPNH oxidase piesent in the enzyme preparation 

DISCUSSION 

By the use of a purified enzyme preparation it was shown that the first 
step in the catabohsm of uracil by C uracilicum involves a DPNH-depend- 
ent reduction of uracil to dihydrouracil That this is a reversible reaction 
was demonstrated by the quantitative oxidation of dihydrouracil to uracil 
with DPN The purified enz 3 Tne is specific for uracil, not attackmg cyto- 
sme, 5-methylcytosme, orotic acid, or thymine It is also mactive in 
convertmg dihydrouracil, /3-ureidopropiomc acid, or carbamyl phosphate 
to end products 

The reduction of uracil to dihydrouracil is analogous to the reduction of 
orotic acid to dihydroorotic acid by enzyme preparations from Zymobac- 
tenum oroticum (7) Evidence for the reduction of thymine to dihydro- 
thymine by rat hver shces has been presented by Fink et al (13), although 
the requirement for DPNH was not tested and the reversibihty of the 
reaction was not imequivocaUy demonstrated The sigmficance of the 
reductive pathway of pyxinudme metabohsm was discussed earher (2) 

It appears that the dihydropyrimidmes are important intermediates m 
the catabohsm of pyrimidines by a variety of biological systems What 
role they play, if any, m p 3 Timidine nucleotide synthesis is not yet known 
Evidence, however, against their direct conversion to p 3 Timidine nucleo- 
tides has been presented by Lagerkvist ei al (14), who showed that dihy- 
drouracil was inefiicient as a direct precursor of mouse tumor nucleic acid 
Green et al (15) have also recently reported that, m Escherichia coh, dihy- 
drop 3 T’iimdmes were inactive in transglycosidation reactions with thymidine 
under conditions whereby deexjuiridine was readily formed from uracil and 
thynudme 
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SUMMARY 

An enzyme, dihydromacil dehydrogenase, isolated and paitially purified 
fiom extiacts of Closlndium uracthcum, was shown to catalyze the reaction 

Uracil + DPNH + H+ ^ dihydrouracil + DPN 

Certam properties of the enzyme were studied 
The product of uiacil reduction was isolated m ciystalhne form and 
identified as dihydiouracil by the foUowmg criteria papei chromatogiaphy, 
melting point determinations, elementary analysis, and ultraviolet and 
mfraied absorption spectrophotometry 

The author wishes to thank Di R J Foster of the Department of Agri- 
cultural Chemistiy for lunmng the infrared absoiption spectia 
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PYRIMIDINE METABOLISM 

III THE INTERACTION OF THE CATABOLIC AND ANABOLIC 
PATHY'AYS OF URACIL METABOLISM* 

By E S CANELLAKIS 

{From the Department of Pharmacology, Yale University 
School of Medicine, New Haven, Connecticut) 

(Received for publication, February 8, 1957) 

A preinous publication of this senes had indicated the mechanisms, 
the lequirements, and some of the properties of the enzyme systems m rat 
hver Avhich degiade uracil and th 3 mine (1) It was shown that dunng 
the enzjmatic degradation of uracil the rate-hmiting step is the initial 
1 eduction to 5,6-dihydrouracil ^ This property facilitates the measure- 
ment of the extent of the enzymatic degradation of uracil-2-C^^, since the 
C ^^02 evolved becomes a direct measure of the amount of uracil degraded 
It had subsequently been shown (2) that rat hver contains a undme phos- 
phorylase and a undme kinase, mdicatmg that there are pathways avail- 
able to animal tissues for the anabohsm of uracil to the nucleotide stage 

The experiments to be presented m this communication mdicate that 
free uracd can be utilized for the synthesis of RNA by rat hver shoes 
Under certain conditions uracd is almost as effective a precursor for RNA 
synthesis as is undme, undme 5'-phosphate, or orotic acid These results 
can be reconciled with apparently contradictory reports (3, 4) by taking 
into consideration the relative activities of the catabohe and anabohe 
mechanisms as well as the ddution effect on the added radioactive sub- 
strate by the endogenous pool 

Methods and Materials — In most of the expeiiments, male white rats 
weighmg 180 to 230 gm were used The experiments with mice and spon- 
taneous mouse hepatomas were performed on C3H nuce obtamed through 
the courtesy of Dr J Walter Wdson of Brown Umveisity at Providence, 
to whom we are grateful Liver shoes were obtamed by free-hand section- 
mg (6) The mcubation medium consisted of a I&ebs phosphate buffer 
(6), which had been modified by raising the phosphate buffer to 35 parts 
whde the NaCl had been decreased to 67 parts To avoid precipitation 

* This investigation was supported in part by grants from the American Cancer 
Society and from the National Institutes of Health, Public Health Service A pre- 
liminary report was piesented in Fedeiation Proc, 14, 324 (1955) 

* The abbreviations used are DHU, dihydrouracil , UMP, undme 5'-monophos- 
phate, RNA, ribonucleic acid, DNA, deoxyribonucleic acid, TPN and TPNH, tri- 
phosphopyridine nucleotide (oxidized and reduced forms, respectively) 
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of calcium phosphate, the CaCl 2 was decreased to 0 5 part To 110 5 ml 
of this buffer were added 4 ml of 0 16 m pyruvate, 4 ml of 0 10 m L-gluta- 
mate, 7 ml of 0 10 m fumarate, and 5 ml of 0 10 m succinate, the solution 
was adjusted to pH 7 2 to 7 4 ivith NaOH Increase in the concentration 
of phosphate and ehmination of glucose from the medium were found 
necessary in older to avoid the drop m pH which occurred in the presence 
of the relatively large amounts of tissue used in these experiments 

Unless othenvise noted, 1 5 gm of liver slices were incubated with 5 ml 
of the buffer-substrate mixture descnbed above for 90 minutes in a Dub- 
noff metabolic shaker Experiments carried out in Warburg flasks vnth 
NaOH in the center well had demonstrated that the loss of radioactivity 
in the medium after incubation of hver slices ivith uracil-2-C^^ could be 
accounted for as C^^02 trapped in NaOH durmg incubation and subse- 
quently isolated as BaCOs (1) Accordingly in routme experiments, 
after incubation, an ahquot of the deprotemized supernatant flmd was 
plated and the conversion to C *^02 was determmed by difference as com- 
pared to zero tune controls 

At the end of the mcubation period the samples were cooled m ice and 
concentrated perchlonc acid was added to give a final concentration of 
0 4 N The samples were homogenized with an additional 5 ml of cold 
0 4 N perchloric acid Subsequent treatment was as descnbed by Tyner 
et al (7) 

The RNA nucleotides were prepared either after an imtial salt extrac- 
tion of the RNA and reprecipitation m ethanol, followed by alkali hydroly- 
sis (7), or after overnight treatment of the protein with 0 1 n KOH The 
mononucleotides were then isolated by column chromatography (8) and 
further purified by paper chromatography (9) Radioactivity measure- 
ments were made on the nucleotides which were eluted from the paper 
chromatograms These eluates were plated on stainless steel planchets 
(Tracerlab, Inc ), dried m a desiccator under reduced pressure, and counted 
on a gas flow coxmter to ±5 per cent accuracy The spectra of the iso- 
lated uridyhc and cytidyhc acids compared well with those published m 
the hterature (10) 

The preparation of the uracil-2-C», uridine-2-CiS and U]\IP-2-C‘^ used 
in these experiments has been descnbed (2) , each was of the same molar 
specific activity as the orotic acid-2-Ci^ from which each was prepared 
When the substrate concentration was the experimental variable, a solu- 
tion of the radioactive precursor was added to a solution of the same non 
radioactive compound and the mixture wms added to the incubation flask 
The specific activity of the substrate was then calculated on the basis o 
the extent of the dilution by the non-radioactive carrier The synthesis 
of dihydrouiacil-2-C'^ and of /S-ureidopropionic acid labeled in the urei o 
group mth has been presented (1) 
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The intestinal mucosa was obtained by scraping the washed mtestme 
of the rat The equivalent of approximately 250 mg of a pooled suspen- 


Table I 

Incorporation of Uridinc-8-C^*, and Orotic Acid-B-C^* 

into RNA of Rat Liver Slices* 


Expen 

ment 

No 

2 C* precursor 

Specific 
activity of 
substrate 

1 

[Specific 

activity 

of 

undylic 

acid 

in 

RNA 

Per cent 
replace- 
ment of 
uridylic 
acidt 

Specific 
activity 
of cyti 
dyne 
acid 
m 

RNA 

Per cent 
replace 
ment of 
cytidylic 
acid 

Added 

sub 

strate 

Specific 
activity of 
undylic 
acid 

degrad 
ed to 
C»Oj 

Specific 
activity of 
cytidylic 
acid 



1 

utitolcs 

1 

c p m per 
timole X 

c pm 


c pm 
per 
limole 


per cent 


It 

Orotic acid 

33 

5 15 

35 

0 69 

9 2 

0 18 

6 

3 8 


UMP 

33 

5 15 

42 5 

0 82 

7 5 

0 14 

11 

5 7 


Uridine 

33 

5 15 

42 

0 815 

9 4 

0 18 

9 

4 5 

2 

Orotic acid 

33 

5 15 

13 5 

0 26 

5 1 

0 10 

7 

2 5 


UMP 

33 

5 15 

10 6 

0 23 

1 4 

0 02 

11 

7 5 


Undine 

33 

5 15 

14 8 

0 29 

3 2 

0 07 

12 

4 6 

3 

Orotic acid 

0 13 

1200 

930 

0 077 

36 0 

0 003 

30 

25 5 

1 

UMP 

0 13 

1200 

74 

0 006 



95 



Undine 

0 13 

1 

1200 

44 

j 

0 0037 



93 


4 

Undine 

71 

2 6 

52 

2 2 

18 5 

0 72 

13 

2 8 


<t 

35 

5 15 

74 1 

1 45 

19 5 

0 38 

26 

3 8 


(( 

3 5 

51 5 

73 

0 145 

3 5 

0 0068 

95 

20 8 


tt 

0 35 

515 0 

1 

64 , 

0 069 

1 8 

0 0004 

93 

35 7 


* In these experiments 5 gm of rat liver slices were incubated in 10 ml of the modi- 
fied Krebs phosphate buffer 

t Per cent replacement = ((micromolar specific activity of the nucleotide iso- 
lated from RNA X 100)/(micromolar specific activity of the substrate added to 
the incubation nuxture)) 

t Experiments 1 and 2 were performed at different times under the same condi- 
tions These results are included to demonstrate the reproducibility within an 
experiment despite the variation in absolute values among experiments The 
values for cytidylic acid have consistently shown wider discrepancies than those 
for uridylic acid 


Sion of mucosa from three or four rats was added to each flask conta inin g 
4 ml of mcubation medium 


Results 

Table I, Experiment 4, shows the results obtained when increasmg con- 
centrations of undme-2-C^^ were mcubated m the presence of rat hver 
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slices At low substrate concentrations the radioactivity added could be 
accounted for almost completely as C*^02 As would be expected, the 
proportion of the added substrate ivhich was converted to C “02 decreased 
with increasing substrate concentrations Under the same conditions, 
the amount of undine incorporated into RNA appeared to increase with 
increasing substrate concentrations, as can be seen from the per cent re- 
placement column This phenomenon may be a reflection of the endog- 
enous pool size of inert undine The endogenous pool would alter the 
speciflc activity of the added radioactive precursoi much more at low than 
at high precursor concentrations, this would naturally reflect on the re- 
placement value This apparent increase in the amount of undme incor- 
porated mto RNA with mcreasmg undine concentrations may also be due 
to the contmuous presence of substrate during the mcubation period which 
occurs at high precursor concentrations, in contrast to the low and con- 
tmuously dummshing substrate pool size at low precursor concentrations 
Friedkm et al (11) have also described a similar increase of thymidine 
incorporation into DNA ivith mcreasmg thymidine concentration 
Whether these results represent a real stimulation of RNA synthesis in the 
presence of high substrate levels or whether they represent an experimental 
artifact is difficult to decide at present The third fact which emerges 
from this experiment becomes apparent when the ratio of the molar specific 
activities of the uridyhc and cytidyhc acids m RNA is measured with 
mcreasmg substrate concentration This ratio varies from values as high 


as 30 1 to values as low as 3 1 at high uridine levels Such vanation is 
probably a reflection of the mass action law m the sense that more cytidy- 
hc acid IS formed from undine, as the undine concentration is increased, 
and can m turn be mcorporated mto RNA The latter results help to 
explam the vanabihty of the uridyhc to cytidyhc ratios reported in the 


literature by various authors (12-14) 

In Table I the relative rates of incorporation of orotic acid, UMP, and 
undme into RNA also are included The results are strictly comparable 
only wnthm each experiment, as indicated by comparison of the results 
obtamed m Experiments 1 and 2 In Table II are given the results ob- 
tained when uracil, UMP, and orotic acid, each labeled m carbon 2 mth 
C*^, were incubated with rat liver shces durmg the same experiment 
These results show the same general trend indicated by the results o 
Table I It is interesting to note that, while the per cent replacement for 
the tliree substrates shoivs wade variations at low substrate levels, it be- 


comes of the same order of magmtude when the substrate concentration 
IS increased sufficiently These results indicate the uncertainty involve 
m concluding that one or the other of these substiates is a better precursor 


for the uridyhc acid of RNA 
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In Tables III and IV aie piesented the e\peiimental values obtained 
foi the extent of incoipoiation of uiacil-2-C''‘ into RNA, as well as the 
extent of degradation of uracil, dihydiouiacil, and /S-uieidopropioruc acid 
by various tissues Slices obtamed from spontaneous mouse hepatomas, 
which incoipoiated uiacil sigmficantly into RNA, degraded uracil, di- 
hydrouracil, and /S-ureidopropionic acid to an appreciably lower extent 
than normal hvei , only 10 pei cent of the added uracil was degraded, as 


Table II 

Incorporation of Uracil-S-C^*, UMP-2-C^*, and Orotic Acid-8-C^* 
into RNA of Rat Liver Slices* 


2 C* substrate 

Specibc activity 
of substrate 

Specific activity 
of uridylic acid 
in RNA 

1 

Replacement of ; 
undylic acidf 

Added 
substrate 
degraded to 
C'K). 


1 

tlif 

'' c p m per nmole 
X 

c p m per nfnole 

1 

per cent 

per cent 

Orotic acid 

30 0 

10 0 

62 

0 62 

9 


8 0 

37 4 

134 

0 35 

10 


2 0 

150 

450 

0 30 

12 


0 518 

580 

1380 

0 24 

20 

UMP 

30 0 

10 3 

69 5 

0 68 

15 


8 0 

38 7 

86 

0 24 

25 


2 0 

93 0 

46 5 

0 05 

92 


0 518 

354 

56 

0 016 

100 

Uracil 

30 0 

18 7 

66 

0 35 

22 


8 0 

52 0 

60 

0 11 

45 


2 0 

140 

47 

0 034 

90 


0 518 

280 

12 8 

0 0045 

98 


* The experiment was performed as described in the text 
t See Table I 


compared to normal mouse liver slices, and also an appreciably decreased 
capacity to degrade DHU and /?-ureidopropionic acid was demonstrated 
Intestmal mucosa, which formed RNA extensively from these substrates, 
did not form at all from 2-labeled uracil and DHU, or /S-ureido- 

propionic acid (ureido-C*^) 

Regenerating rat liver, as seen in Table III, exhibited only about one- 
fifth of the activity of normal liver in degradmg uracil, but its abfiity to 
incorporate uracil into RNA, at specific times, was greater than that of 
normal liver Thus, 48 hours after partial hepatectomy the abihty of 
regeneratmg rat hver to mcorporate uracil mto RNA was about equal to 
that of the control, but 60 hours after the removal of the hepatic tissue 
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this value had increased to about 3 tunes that of the control This vana- 
tion may be associated with the diurnal variation in the mitotic index of 

Table III 


Incorporation of Uracil-S-C^^ into Uridyhc Acid in RNA hy Various Tissues 
and Conversion of Uracil-2-C^* into Acid-Soluble Nucleotides* 


Tissue 

Conversion into 
acid soluble 
nudeotidest 

Specific acUviW 
ot undylic aad 
in RNA 



c pm per iimole 

Rat liver 

mBm 

53 

Regenerating rat liver 48 hrs after hepatectomy 


58 5 

“ “ “ 60 “ “ " 


163 

Rat intestinal mucosa 

1 01 

168 

Mouse liver 

0 68 

76 

“ hepatoma 

0 75 

540 


* The experiment was performed as described in the text Uracil 2-C** added 
was 0 518 iiiM with a specific activity of 280,000 c p m per /imole 

t The results are expressed as per cent of the total uracil-2-C*^ added to the incu 
bation mixture 


Table IV 

Production of 0^*0^ from S-C-^*-Labeled Uracil and Dihydrouracil, 
and ^-Ureidopropionic Acid (JJreido-C^*) by Various Tissues*] 




C”Oj production, per cent added radioactivity 

Additions 


Rat hver 

Rat regen 
erating 
hver 

(48 and 60 
hrs after 
hepa- 
tectomy) 

Rat 

intestinal 

mucosa 

Mouse 

hver 

Mouse 

hepatoma 

Uracil 

T 

100 

90 

22 

0 


■ 

Dihydrouracil 

300 

95 


0 



/3-Ureidopropionic acid 

300 

95 


0 


n 


* The experiment was performed as described under “Experimental ” 
t Unpublished experiments by Skold, O , and Reichard, P {personal commumea 
iion) indicate that, in addition to these tissues, Ehrlich ascites cells which mcorpora e 
uracil extensively also show a decreased capacity to degrade uracil 


the hver which occurs m partially hepatectomized rats (15) Jardetz y 
et al (16) and Hecht and Potter (16) have shown that a diurnal variation 
in the mcorporation of precursors mto the DNA of the hver also occurs m 
partially hepatectomized mice This pomt wiU be dealt with more lU y 
m the discussion 
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DISCUSSION 

The lugh latc of leplaccment of RNA-uiidyhc acid by oiotic acid as 
compaied to the othei substiates used at low substiate concentiations 
seems to be an artifact pioduced by at least two factois One is the low 
orotic acid concentration in the tissue (17) and theiefoie the lelatively 
small dilution by the ineit oiotic acid of the pool, the othei may be related 
to the relatively lower capacity of the hvei to degrade oiotic acid It is 
also possible that the UIMP formed from orotic acid does not eqmhbrate 
mth the tissue pool of UhlP This point bears further investigation At 
lugh concentrations the dilution of the added substiates by the pool is 
small and the difference m incorporation rates becomes insignificant, at 
tlus pomt, even uracil, which has been considered not to be a precursor 
of RNA-uridyhc acid, is incorporated to an extent which compares favor- 
ably vath that of the other substrates tested As has been discussed, the 
increased per cent replacement at high substrate concentrations may well 
be a leflectioii of the endogenous pool dilutions That such a factor does 
in effect participate can be seen in Table II The replacement figures for 
orotic acid increase only by a factor of 2 8 from very low to high substrate 
levels, while the correspondmg mcrease m the replacement figures for UMP 
and for uracil are 42 and 77, respectively In addition to this factor, an 
increase in the rate of s 3 mthesis of RNA also may be occurrmg at high 
substrate levels, as has been described by Friedkm et al for DNA (11) 
The present system cannot permit an accurate estimation of the relative 
significance of such a process The extent of mcorporation mto the 
cytidyhc acid of RNA also appears to be dependent upon the substrate 
concentration, and this phenomenon may well be explamed by a greater 
conversion of the substrate to free cytidyhc acid at high substrate levels, 
this free cytidyhc acid would then be subject to provisions smular to those 
described for the substrates tested The extent of degradation to C^^02 
provides, by difference, the amount of substrate remaimng available for 
mcorporation into RNA 

In the present mvestigation it has also been shown that tissues which 
incorporate uracil into RNA to an appreciable extent have a deci eased 
capacity to degrade this compound, or the intermediates of uracil degrada- 
tion, DHU, and j3-ureidopropionic acid Intestmal mucosa cannot de- 
grade uracil even when the soluble extract fortified vnth TPNH is used 
These conditions weie used m order to obtam a fraction similar to that of 
rat hver and under conditions which have been demonstrated to be effec- 
tive for the maximal activity of the degradative system (1) Of the tissues 
exaimned, intestmal mucosa and regenera tmg rat hver are rapidly growing 
tissues, smce the cells of the mtestmal mucosa are renewed about every 
35 hours (18), while the regeneratmg rat hver doubles its weight in about 
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48 hours (19) The same cannot be said of the spontaneous mouse hepa- 
toma This tissue, after its fiist appearance as a nodule, requires several 
months before it attams the weight of 1 gm ^ It would be erroneous, 
therefore, to group these tissues as rapidly groisung tissues, although they 
do have m common a high rate of nucleic acid turnover and have been 
shown to mcorp orate free pyrimidines mto their nucleic acids (4, 20-23) 

The results obtained in these experiments mdicate that there exists an 
mverse relationship between RNA turnover and the capacity of the tissue 
to degrade uracd In Paper II of this series (2), this balance of the deg- 
radative and anabohc pathways was referred to as a possible homeo- 
static mechanism From the present study it appears that this mecha- 
nism may aid m governmg the rate of RNA synthesis, particularly smce 
both the degradative and the anabohc pathways are present m the soluble 
cjdoplasmic fraction of rat hvei (2) This statement is further corrob- 
orated by the fact that the enzyme systems associated vnth RNA synthesis 
are also present m the same cellular fraction (24) From the results m 
Table II, and as previously discussed, it seems probable that an mciease 
in the tissue concentration of the precmsor can only mcrease the incor- 
poration mto RNA to a hunted extent It is apparent, therefore, that 
some other factor must be involved m this process m which a decreased 
capacity for degradation is only the first step This statement is also 
supported by the results with regenerating hver shown m Table III The 
capacity of this tissue to mcorpoiate uiacd mto RNA mcreases and de- 
creases agamst a constant background of a dimimshed capacity to de- 
grade uracil ^ In other woids, the deci eased capacity to degrade uracil 
per se seems to be a necessary but not a sufficient cause for an increased 
mcorporation of uracil mto RNA 

The cause for the vanation of uracil mcorporation mto RNA seems to 
be associated vnth the diumal vanation of the nutotic mdex (15) This 
IS also accompamed by a variation m the rate of DNA synthesis (16) 
The responsible agent for this variation may be related to a factor m the 
blood of partially hepatectomized rats (25) which causes an increase in the 
mitotic index of normal rat hver 


SUMMARY 

1 The mcorporation of 2-Ci^-labeled uracil, uridme, undine 5'-phos- 
phate, and orotic acid mto the ribonucleic acid (RNA) of various tissues 
has been studied 


- Personal communication, Dr J W Wilson, Brown Umversitj^ Providence, 
Rhode Island 

’ The results obtained on the regenerating rat liver have been substantiate a 
extended with further evperiments (to be published, E S Canellakis and J J ° 
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2 It has been shown that undei ceitain conditions these compounds 
aie mcoipoiated into RNA at compaiable rates 

3 The latio of the molai specific activities of uridylic acid to cytidyhc 
acid in RNA is a vaiiable dependent on the concentration of the substrate 
in the incubation medium 

4 With inci easing substrate concentrations there occurs an increased 
replacement of the uridyhc acid of RNA This phenomenon is discussed 

5 Among various tissues examined, an inverse relationship between 
their capacity to degrade uracil and their capacity to incorporate uracil 
into RNA has been noted It has been suggested that this may be part 
of a homeostatic mechamsm which, in combination with other factors, 
legulates the late of RNA synthesis 

The author wishes to thank Dr Arnold D Welch for his mterest m this 
woik and Miss Coryce Ozanne for her excellent assistance 
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COMPARISON OF THE AMINO ACID COMPOSITION OF 
T2 AND T3 BACTERIOPHAGES* 


By dean PRASERt 

{From the Vir^ts Laboratory, University of California, Berkeley, California) 
(Received for publication, February 25, 1957) 

The bacterial viiuses of the T senes (1) are composed of approximately 
equal amounts of nucleic acid and piotem This papei considers the ques- 
tion of whethei two of these viruses, T2 and T3, which can attack the 
same host cell but winch differ greatly in other biological properties, differ 
also in the anuno acid composition of their protems 

Methods and Materials 

By using the apparatus (2) and medium (3) previously described, we 
have prepared two 4 to 5 hter batches of T2 bacteiiophage by infection of 
the usual host, Escherichia coli, strain B The raw titers were 1 and 3 X 
10^^ infectious T2 particles per ml Purification of these lysates by three 
or four cycles of dehberately wasteful differential centrifugation yielded 
some 1 5 to 2 gm each of lyophihzed T2 bacteriophage which was dried 
m an Abderhalden drier at 56° (boihng acetone) 

All batches weie prepared from a master stock of T2 derived from a 
startmg stock provided originally by Dr Max Delbruck The master 
stock and the puiified T2 were typical in their behavior toward anti-T2 
rabbit serum (1) As evidence of its biological homogeneity, the purified 
T2 was shown to give no extraneous plaque types and no more than the 
expected shght titer against E coll, strain B/2, a host cell specifically 
resistant to T2 The purified T2 was also examined in the analytical 
ultracentrifuge and the electron microscope (4) Both tests mdicated no 
discermble contaminants In the electron microscope the phage appeared 
uniform and essentially free from empty membranes The T3 prepara- 
tion has been described previously (3) 

The amino acid analyses were made chromatographicaUy by the Moore 
and Stem technique (5, 6), with use of columns of Dowex 50, vnth shght 
modifications (3, 7) For each determination a 2 to 3 mg sample of dried 
virus was accurately weighed into a 13 X 100 mm acid-cleaned test tube 
and mixed with 0 5 ml of glass-distilled, constant boihng hydrochloric 

* Aided by a grant from the National Foundation for Infantile Paralysis, Inc 
Presented in part at meetings of the American Association for the Advancement of 
Science at Berkeley, 1954 

t Present address. Department of Bactenology, Indiana University, Bloomington, 
Indiana 
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acid The tube ivas frozen in liquid nitrogen, evacuated to 0 1 mm or 
less of mercury, and sealed The sealed section was drawn out and bent 
into a loop about 1 cm in diameter A group of such tubes was hung in 
a special hydrolysis apparatus, which consisted of a 2 hter Erlenmeyer 
flask provided with a 24/40 standard taper female ]omt and mth internal 
“pegs” placed about 6 inches above the bottom and made by pushing 
locally heated glass mward (with a tungsten needle) about an inch and 
shghtly upward, as m making a Vigreux distilhng column The bottom 
of the flask was covered j inch deep with 1,1,2-trichloroethane, bp 
113 5, a condenser was mserted into the standard taper ]omt, and the tubes 
were mamtained m the vapor of the refluxing solvent, for 16 to 110 hours 
After trymg a number of commercial ovens and constant temperature 
baths, we have found this system to be the simplest for reproducible hy- 
drolyses Each tube was removed and opened, the top portion bemg 
rmsed mto the bottom with a few tenths ml of water The subsequent 
preparation of the samples for chromatography was the same as that de 
scribed by Hirs, Stein, and Moore (7) 

Results 

The complete results of the present analyses are summarized m Table I, 
which compares the anuno acid composition of T2 (eight determinations) 
with that of simultaneously hydrolyzed samples of T3 (five determina- 
tions) When the data are compared by use of the t distribution, it is 
concluded that the differences in the content of five of the ammo acids 
are significant beyond a 99 1 probabihty leucine {t = 11 2), histidine 
(t = 8 6), phenylalanme (t = 5 9), alamne {t = 5 3), and isoleucme {t = 
4 3) Other differences of less significance can be shown, but the differ- 
ences m these five ammo acids alone are ample to support the essential 
pomt, z e , that the same bacterial cell is capable of synthesizing viruses 
with appreciably different ammo acid composition Although other inter- 
pretations are possible, it seems most likely that these differences are an- 
other expression of the genetic differences which are so mamfest m their 
biological properties It is worth noting, however, that T2 and T3 are 
remarkably similar in the general pattern of ammo acid composition to 
the host cell protem (8) 

The previous paper on T3 anuno acid composition (3) discussed m de 
tad the reproducibihty of the determinations under our conditions In 
the present work, m order to permit corrections to be apphed for the de- 
composition of some of the anuno acids durmg hydrolysis, samples were 
hydrolyzed for 16 and 72 or 110 hours It is well known that serme an 
threomne undergo appreciable degradation durmg hydrolysis (cf 
Stem, and Moore (7)) With the mtact bacterial virus samples, however, 
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we find an even more pionounced decomposition of tyrosine Samples of 
tobacco mosaic vans have not shown this effect under identical conditions, 
and it IS reasonable to assume that it may arise from an interaction of the 
tyrosine wth degradation pioducts of the nucleic acid present m large 
amount m the bacteiial viius We have compensated for these losses by 


Tablk I 

Ammo Acid Composition of T2 and T3 Bacteriophages* 


Ammo acid 

Ammo acid per 100 gm virus (dry weight) 

T2 (8 determinations) 

T3 (S determinations) 

Difference 
(T3 — T2) 


gpi 

gm 

gm 

Alanine 

3 5 ± 0 14t 

4 4 ± 0 09t 

0 9t 

Arginine 

2 3 ± 0 21 

2 8 ± 0 23 

0 5 

Aspartic acid 

5 3 ± 0 11 

5 4 ± 0 03 

0 1 

Cystine 

«1 

«1 


Glutamic acid 

5 4 ± 0 11 

5 3 ± 0 07 

-0 1 

Glycine 

4 3t 

3 8t 

-0 5 

Histidine 

0 4 =fc 0 02 

0 8 ± 0 05 

0 4t 

Leucine 

2 7 rfc 0 10 

4 4 ± 0 06 

1 7t 

Isoleucine 

3 0 ± 0 04 

2 2 ± 0 10 

-0 8f 

Lysine 

2 9 ± 0 16 

2 8 ± 0 20 

-0 1 

Methionine 

1 0 ± 0 04 

0 9 rt: 0 03 

-0 1 

phenylalanine 

2 5 ± 0 11 

1 6 ± 0 04 

-0 9f 

Proline 

1 8 ± 0 09 

2 1 ± 0 08 

0 3 

Serine 

2 4t 

1 9t 

-0 5 

Threonine 

2 7t 

3 2t 

0 5 

Tyrosine 

2 9t 

2 4t 

-0 5 

Valine 

2 7 ± 0 12 

3 0 ± 0 03 

0 3 

Total 

45 7 

47 0 



* Tryptophan and cysteine were not determined (see the text) 
t Standard deviation of the mean The values with no standard deviation were 
obtained by extrapolation (see the text) 

J Significant difference with a probability of 99 to 1 or greater 

extrapolation to zero hydrolysis time as described by Hirs, Stein, and 
Moore We find the following per cent decomposition in 16 hours at 113° 
with constant boiling hydrochloric acid serine, 9, threomne, 3 5, tyrosine, 
27 Compensation for losses of other aimno acids (7) has not seemed to 
be justified by our data 

An effect which is surely due to the use of intact virus rather than virus 
protein is the considerable mciease in the jneld of glycine with prolonged 
hydrclj'^sis (9) Since it became obvious that under our hydrolysis condi- 













OXIDATIVE PHOSPHORYLATION BY AN ENZYME COMPLEX 
FROM DISRUPTED BRAIN MITOCHONDRIA* 


Btl L G ABOOD and L ALEXANDER 

{From the Division of Psychiatry and the Department of Biochemistry, 
Univeisity of Illinois College of Medicine, Chicago, Illinois) 

(Received for publication, January 25, 1957) 

Although various attempts have been made to isolate a submitochondrial 
fi action capable of ovidative phosphorylation, it was not until the recent 
woik of Cooper and Lehnmgei (1) that any degree of success was achieved 
Among the techmques used for disrupting rmtochondria have been ultra- 
sonic disintegration, fieezing-thawing, dispersion with a variety of chemical 
agents, and variations in pH values Although shght oxidative phospho- 
rylation (low P 0) was sometimes achieved (2), such treatment preserved 
only the oxidative portion of the system Cooper and Lehnmger (1) 
recently obtained a hpoprotein complex from digitonm extracts of rat hver 
mitochondria which was considerably more active than intact mitochondria 
on a weight basis 

The present study describes a multienz 3 ane preparation from rat brain 
mitochondria which is similar to Cooper and Lehmnger’s Fraction P-1 (1) 
in many respects, but at the same time exhibits certain distinct differences 
After work with a variety of dispersing agents, including digitomn, it was 
found that the detergent Triton^ yielded the most active and consistent 
preparations In addition to oxidizing such substrates as pyruvate and 
glutamate, the submitochondrial fraction from rat brain yields P 0 ratios 
closely approaching those of intact rmtochondria 

Methods 

Preparation of Submitochondrial Phosphorylating Complex — Rat brain 
mitochondria were prepared after a modification of the method of Hoge- 
boom et al (3) Brains (usually four) fiom adult male Sprague-Dawley 
lats were washed in 0 25 m sucrose, homogenized thoroughly in 20 tunes 
their volume of 0 25 m sucrose in tight fitting glass homogenizers, and 
centiifuged twice at 1000 X g for 5 minutes to remove nuclei, whole cells, 
and eijdhrocytes The supernatant fluid was sedimented at 10,000 X g 

* This research supported by a contract between the Office of Naval Research, 
Department of the Navy, and the Unive rsity of Illinois 

* Triton WR-1339 Alkyl — ^ — O — (CH2CH20)n — CH 2 CH 2 OH, a non- 
lonic dispersing agent obtained from the Rohm and Haas Company, Philadelphia 
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111 the Spinco model L ultracentnfuge for 15 minutes at 0° to yield a imto- 
chondrial residue After the mitochondria were washed in 20 volumes of 
0 25 M sucrose and again sedimented at 12,000 X g foi 15 nnnutes, they 
Meie homogenized thoroughly in ice-cold 1 0 per cent Triton contaimng 
10“^ M EDTA “ The mitochondna were then centrifuged at 80,000 X g 
at 0° for 20 minutes As m the case of Cooper and Lehnmger’s prepara- 
tion (1), it vas possible to obtam a clear supernatant fraction, a “loosely 
packed gelatmous” layer or “fluff,” and a more tightly packed residue, Ri 
The fluff was suspended m 10 ml of 0 25 M sucrose contaming 10~^ m 
EDTA and centiafuged at 100,000 X g for 20 mmutes to yield residue Frac- 
tion P-1 (after Lehmnger’s designation) When agam centrifuged at 
100,000 X S', the supernatant fluid yielded a residue P-2 After removal 
of P-2, the clear supernatant flmd was treated with 20 per cent its volume 
of 50 per cent trichloroacetic acid to yield Rs for subsequent analysis 
Both Fractions P-1 and P-2 were homogenized m 0 25 m sucrose contammg 
10“^ M EDTA, when used for enzymatic studies Repeated extractions of 
Ri yielded relative^ mactive preparations of P-1 or P-2, and therefore 
only the first Triton extract was used m the present study 

Details of the techmque used for measuring oxidative phosphorylation 
of brain mitochondna are described elsewhere (4) Phosphorylation was 
measured by determimng the remaimng orthophosphate at the completion 
of mcubation by the method of Fiske and Subbarow (5) Acid-insoluble 
fractions were determined after the method of Schneider (6) The differ- 
ence absorption spectnim of P-1 was determined exactly as described by 
Cooper and Lehmnger (1), except that the system contained, in addition, 
0 005 M magnesium chlonde The Beckman recording spectrophotometer 
DK 2 was used to obtain the absorption curve 

EXPERIMENTAL 

Requirements for Oxidative Phosphorylation in Fraction P-1 — R the 
presence of the complete system for measunng oxidative phosphor 3 dation 
of intact brain mitochondna, it was possible to obtain P 0 ratios of 2 3 
(Table I) Although omission of magnesium did not completely abobsh 
phosphorylation, both oxidation and phosphorylation were considerably 
depressed and the P 0 ratio decreased 75 per cent Neither DPN nor 
cytochrome c was necessary, whereas the oimssion of fluonde all but com- 
pletely eliminated oxidation and phosphorylation It was not possible to 
replace ADP vuth other nucleotides such as UDP, CDP, and GDP 

*The follownng abbreviations vere used EDTA, ethylenediaminetetraacetate, 

ADP, CDP, UDP, and GDP, the diphosphates of adenosine, cytidine, undine, an 
guanosine, respectively, DPNH, reduced diphosphopyridine nucleotide 
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and CDP will partially replace exogenous ADP as phosphate acceptors 
when added to prepaiations of intact rat brain initochondna ® 


Tabi/E I 

Requirements for Oxidative Phosphorylation of Brain Mitochondrial Fraction 
The values are an average of three experiments agreeing within 8 per cent The 
complete system contained (final concentration) 0 008 m potassium phosphate. pH 
7 5, 5 X 10-< M K-ATP, 0 008 m MgCU, 0 008 m KF, lO-* m DPN, 2 X 10-« m cyto- 
chrome c, 0 02 M potassium pyruvate, 0 001 n potassium malate, 0 5 mg of yeast 
hexokinase, 0004 m glucose, and P-1 (04 mg of N) in a total volume of 3 0 ml In- 
cubation was at 34° for 20 minutes, enzyme was tipped into the main compartment 
after 5 minutes incubation 



AO microatoms| 

AP /imoles 

P 0 

Per cent inhi- 
bition of P 0 

Complete 

2 62 

6 10 

2 31 


No Mg 

0 88 

0 50 



“ DPN 

2 40 

5 50 

2 28 


“ cytochrome c 

2 25 

5 10 

2 27 


“ KF 

0 80 

0 19 

0 23 


CDP instead of ADP 

0 20 

0 00 

0 0 


GDP “ “ “ 

0 10 

0 00 

0 0 


UDP “ “ “ j 

0 10 j 

0 00 

0 0 



Table II 

Effect of Various Substrates on Oxidative Phosphorylation of 
Brain Mitochondrial Fraction 


The final concentration of substrate = 0 02 m, except that DPNH = 0 005 m and 
cytochrome c = 10"* m The values are expressed as a mean of the number of ex- 
periments given, and the agreement within each set was usually 5 to 8 per cent 


Substrate 

No of expen 
ments 

AO 

AF 

P 0 

Pyruvate -f malate 

8 

mteroahms 

2 62 

fimoles 

6 10 

2 31 

Succinate 

6 

3 20 

5 80 

1 82 

Glutamate 

4 

2 65 

5 18 

1 95 

DPNH 

3 

1 85 

2 50 

1 35 

Ascorbate -j- cytochrome c 

3 

5 00 

2 85 

0 57 

None 

2 

0 00 

0 00 

0 00 


Substrates Active with Fraction P-1 — Many substrates which were utihzed 
by intact brain mitochondria were active in the subnutochondrial prepara- 
tion (Table II) With succinate as a substrate, the P 0 ratios were 


^ Unpublished experiments, Abood, L G 
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almost 2 0, whereas with intact mitochondria the ratios were about 1 6, 
and oxygen consumption was generally lower than with pyruvate (4) 
Glutamate was readily oxidized, although the P 0 ratio was less than that 
obtained with pyruvate DPNH appeared to be more active m the P-1 
preparation than with intact brain mitochondria (7) Cytochrome c plus 
ascorbic acid was also effectively utihzed by the P-1 preparation, the P 0 
ratio obtained (0 57) is comparable to that observed with the complex 
from hver nutochondna (8) No endogenous oxidation or phosphorylation 
was observable 


Table III 

Cotnpanson of Effect of Various Inhibitors of Oxidative Phosphorylation on Intact 
Brain Mitochondria (M) and Submitochondnal Fraction P-1 
The inhibitors were homogenized at 0“ directly with the mitochondria or P-1 
before addition to the flasks 


Fraction 

AO 

i 

AP 

P 

‘ 0 

Per cent m 
hibition P 0 



tntcroaloms 

itmotes 




Control 

P-1 

2 

58 

6 

02 

2 

32 



M 

6 

60 

18 

50 

2 

81 


CaClj, 0 002 M 

P-1 

1 

20 

2 

50 

2 

08 

10 


M 

1 

80 

3 

80 

2 

10 

25 

Phenyl ether, 5 X 10~® m 

P-1 

2 

52 

5 

65 

2 

25 

4 


M 

4 

20 

3 

55 

0 

84 

70 

Reserpme, 5 X 10~® m 

P-1 

1 

00 

0 

46 

0 

46 

80 


M 

3 

85 

1 

52 

0 

40 

84 

Dimtrophenol, 10~^ m 

P-1 

2 

45 

0 

00 

0 

00 

100 

i 

M 

6 

40 1 

0 

00 

0 

00 

100 

Methylene blue, 5 X 10“ ‘ m 

P-1 

1 

82 

0 

00 

0 

00 

100 


M 

4 

10 

0 

00 

0 

00 



Comparison of Inhibitors on Intact and Disrupted Mitochondrial Prepa- 
rations — ^Although calcium was somewhat less inhibitory to P-1 than to 
intact mitochondria, at a concentration of 0 002 m it was still a potent 
inhibitor in either system (Table III) Phenyl ether, however, which was 
an inhibitor of intact mitochondria (9), was completely ineffective on P-1 
at concentrations producing 70 per cent inhibition of P 0 m morpholog- 
ically mtact nutochondna AU other uncouphng agents studied, including 
2,4-dimtrophenol and the tranquihzmg drug, reserpme (9), were equallj 
effective on both systems 

Difference Spectrum of Fraction P-1 — ^The difference spectrum (lOi ^ 
beWeen the oxidized and reduced forms of P-1 reveals the presence of a 
number of components of the electron transport system (Fig 1) Absorp- 
tion maxima and rmmma were observed at wave lengths associated i 
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llic a-, (S-, and 7 -pcak of cytochiome c, the leduced foims of flavopiotem 
and cytochiome a, and a- and y-peaks of the cyanide complex of cyto- 
chiome a-i 

Distributwn of Acid-Insolnhle Components in Various Fractions — ^The 
P -1 fiaction Mas found to contain one-fouith of the total nitiogen present 
in the oiigmal imtochondiial piepaiation (Table IV) An appieciable 
amount (13 per cent) of the mitochondria ended up in Fraction II 3 One- 
fourth of the total nitrogen of the intact mitochondria was not accounted 

DIFFERENCE SPECTRUM 



Fig 1 Difference spectrum of submitochondrial fraction, P -1 A cuvette con- 
taining 0 02 M potassium pj^ruvate, 0 001 m potassium malate, 0 005 m ADP, 0 01 m 
potassium phosphate (pH 0 5), 0 008 m MgCb, and 0 005 m KCN, and Fraction P-1 
(0 5 mg of N) in a total volume of 2 8 ml , representing the reduced enzyme complex, 
was read against a “blank” cuvette containing everything except the substrates and 
cyanide The reduced forms of the carriers are designated by roman numerals 
I, 7 -peak of cytochrome c, II, 7 -peak of cytochrome a and cyanide complex of cyto- 
chrome Cj, III, reduced flavoprotein, IV, /3-peak of reduced cytochromes 6 and c, 
V, a-peak of reduced cytochrome c, VI, a-peak of reduced cytochrome a and the 
cyanide complex of cytochrome 

foi in the combmed residues Of all the fractions, P -1 contained the 
highest content of phosphohpide and nucleic acid Approximately 85 per 
cent of the total phosphorus in P-1 could be accounted for on the basis of 
phosphohpide, a figure which is comparable to that found for the hver 
complex (1) In so far as only about 75 per cent of the total mitochondrial 
mtrogen and nucleic acid could be accounted for, the remamder must be 
present as smaller molecular weight components m the soluble fraction 

Electron Micrographs'^ of Mitochondrial Preparations — ^]Morphologicall 3 ’- 
intact brain imtochondiia, piepared in isotonic sucrose, are spherical 111 
shape and fiom 0 5 to 1 0 /i in diameter (Fig 2, a) The disintegrated 

* The authors are indebted to Dr J P jMarbarger for the electron micrographs 
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Table IV 

Acid-Insoluhle Components of Rat Brain Suhmlochondnal Fractions 
and Intact Mitochondria 


The value'^ are e\pressed in terms of mitochondria isolated from 1 0 gm of net 
n eight of whole rat brain, and are an average of three determinations agreeing within 
7 per cent 


Fraction 

Dry weight 

Nitrogen 

Phospholipid? 

Nucleic 
acid (as 
nucleotide) 

Total 

Per cent 
mito 
chondna 

Total 

Per cent 
mito 

chondna N 

N 

P 


ms 


HV 


/XV 

pv 

/iV 

Intact imtochondria 

148 


275 


40 

14 6 

0 9 

Ri 

78 

53 

94 

34 

25 

3 4 

0 28 

P-1 

25 

17 

67 

24 

7 0 

4 6 

0 26 

P-2 

3 

2 

73 

2 7 

1 1 

0 7 

0 05 

Rs 

16 

11 

35 

13 

4 2 

1 1 

0 10 



Fig 2a, 2b, and 2c An electron micrograph^ (shadow cast) of intact brain mdo 
chondna (2, a), of Fraction P-1 without shadow casting (2, b), and with shadow 
casting (2, c) The mitochondria and Fraction P-1 were suspended in 0 1 per cent os 
mic acid (adjusted to pH 7 0) for 15 minutes, and then washed consecutively with , 
75, and 95 per cent ethanol The final suspension was in 0 01 per cent Tween 80 (a 
detergent) 

Fi action P-1 consists of heterogeneous particles vaiying in diameter from 
0 1 to 0 01 p (Fig 2, b) After shadow casting, the particles in Fraction 
P-1 appeared to be more or less spherical, although the piesence of rat er 
flattened laige particles Mas oecasionall}'- appaient in some pieparation- 
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(Fig 2, c) Intact mitochondna, or particles approaching mitochondria 
in sire, were nevei observed in the microscope with any preparations of 
Fraction P-1 


DISCUSSION 

The present study is compaiable to the work of Lehnmger and co- 
workers (1) 111 that a submitochondrial fraction is found to be capable of 
carrying on oxidation and phosphorylation at a rate comparable to that 
of morphologically intact nutochondna Although the particle size and 
weight, as adjudged by both electron microscopy and ultracentrifugal 
studies, appear to be the same for both preparations, most of the tricar- 
boxyhc acid components are still fairly well preserved in the brain prepara- 
tion in contradistinction to Lehmnger’s hver fraction, where the only oxi- 
dases with appreciable activity were succinic acid and /3-hydroxybutyric 
acid At present, no explanation for this difference is apparent other than 
the possibility that treatment with digitonm was considerably more de- 
structive than with Triton Preliminary studies with digitomn extracts of 
brain mitochondria prepared according to Cooper and Lehnmger (1) sup- 
port this contention Although such extracts behaved similarly to the 
Triton extracts, the activity was less than one-third On the other hand, 
Triton extracts of hver mitochondria have yielded preparations which were 
similar to Lehnmger’s digitonm extracts ® It is not surprising that this 
difference exists between hver and bram mitochondria m view of their 
many chemical and biochemical distinctions (4, 7) 

Another rather important difference between the biam and hver sub- 
mitochondnal fractions concerns the effect of bivalent cations Although 
the hver fraction requires no Mg++, and is actually inhibited by Mg++ (1), 
the brain preparation will not function optimally without exogenous Mg++ 
The ehmination of EDTA from the preparation did not affect the require- 
ment for Mg++ While still acting as an effective uncouphng agent of the 
brain preparation, although somewhat less so than on intact bram mito- 
chondria, Ca++ ions were not inhibitory to the enzyme complex of hver 
(1) In the case of brain mitochondria it is difBcult to reconcile this un- 
couphng action of Ca++ to the concept that this cation acts by altermg 
structural organization within mitochondna (11), since the bram prepara- 
tions were already disrupted fragments At this time, no explanation can 
be offered for the difference m either the Ca++ or Mg++ effect on the hver 
and bram submitochondiial pieparations 

Other than the considerable difference m the particle size, the only out- 
standing difference thus fai noted between the bram submitochondrial 
fiaction and intact mitochondna is in the uncouphng effect of phenyl ether 
"Whereas phenyl ethei is an extremely potent inhibitor of oxidative phos- 
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phorylation in mtact brain mitochondria (9), it is completely mactive in 
the submitochondrial preparation at 100 times the concentration This 
finding IS analogous to the observation that thyroxine is not inhibitory to 
the hver enzyme complex (12) It would appear that the mechanism of 
action of phenyl ether on biam mitochondna is through an alteration of 
mitochondrial structure, as was demonstrated to be the case for the thj'- 
roxine inhibition of hver mitochondria (12) The similarity in the eSect 
of phenyl ether and thyroxine is especially noteworthy m view of the fact 
that phenyl ether comprises the nucleus of the thyroxine molecule (9) An 
additional factor worth notmg is that ADP appears to be the specific phos- 
phate acceptor for the submitochondrial fraction from bram and hver (8), 
while XJDP and CDP are substituted in part for exogenous ADP in intact 
imtochondnal preparations It seems, therefore, that the action of CDP 
and XJDP is mediated through ADP, and, once the endogenous ADP was 
removed from intact mitochondria through disruption, these nucleotides 
were no longer active 

The explanation for the metabohc differences of the enzyme complexes 
of hver and brain awaits further mvestigation It is hkely, however, that 
the phosphorylatmg complex of bram mitochondria is associated more 
mtimateiy with the oxidases than is the case with hver mitochondria, when 
only two oxidases were present m the phosphorylatmg complex (1) With 
the possible exception of succinic oxidase it has not been possible to isolate 
a phosphorylatmg submitochondrial fraction from bram lacking m one or 
more of the oxidases present m mtact rmtochondria With the dimmution 
of phosphorylatmg activity during mitochondrial disruption, there appears 
to be a corresponding loss in the various oxidases 

SUMMARY 

1 A submitochondiial fraction has been isolated from Triton extracts of 
brain mitochondna w^hich is capable of carrying on oxidative phosphoryla- 
tion nuth a variety of Krebs cycle intermediates 

2 The fraction is of a very small particle size, and contains many of the 
components of the electron transport system 

3 and adenosine diphosphate (ADP) appear to be absolute re- 
quirements for oxidative phosphorylation, while exogenous cytochrome c 
and DPN are not Other nucleotides will not replace ADP as phosphate 
acceptor 

4 The submitochondnal fraction from bram is compared with a prepa 
ration isolated from hver rmtochondna by similar needs 

BIBLIOGRAPHY 

1 Cooper, C , and Lehnmger, A L , / Btol Chem , 219, 489 (1956) . 

2 Green, D E , Beinert, H , Fuld, M , Goldman, D S , Paul, M H , and Sarkar, 



L G ABOOD AND h ALEXANDER 


725 


K , m McElroy, W D , and Glass, B , Phosphorus metabolism, Baltimore, 1, 
762 (1951) 

3 Hogeboom, G H , Schneider, W C , and Pallade, G E , 17 Btol Chem , 172, 619 

(1948) 

4 Abood, L G , and Romanchek, L , Biochcm J , 60, 233 (1955) 

5 Fiske, C H , and Subbarow, Y , J Biol Chem , 66, 375 (1925) 

6 Schneider, W C , / Biol Chem , 161, 293 (1945) 

7 Abood, L G , Am J Physiol , 176, 247 (1954) 

8 Cooper, C , and Lehmnger, A L , / Biol Chem , 219, 519 (1956) 

9 Abood, L G , and Ale\ander, L , Ann New York Acad Sc , 66, 812 (1957) 

10 Chance, B , in McElroy, W D , and Glass, B , The mechanism of enzyme action, 

Baltimore, 399 (1954) 

11 Taplej', D F , / Biol Chem , 222, 325 (1956) 

12 Tapley, D F , and Cooper, C , J Biol Chem , 222, 341 (1956) 




ANALOGUES OF ACETYL CHYMOTRYPSIN 


By C E McDonald* and a k balls 
(From the Department of Biochemistry, Purdue University, West Lafayette, Indiana) 

(Received for publication, February 28, 1957) 

Previous papers (1, 2) have reported the acylation of chymotrypsin 
vuth several mtrophenyl acetates It was of obvious interest to test the 
behavior of mtrophenyl esters of other acids in the same connection It 
now appears that chymotrypsin may be acylated by a number of acids 
differing considerably from acetic acid m structure Benzoyl and sahcyl 
chymotiypsins were prepared and found to resemble the acetyl denvative 
rather closely m so far as they were examined On the other hand, hip- 
puryl chjmiotrypsm forms and decomposes so rapidly that we have been 
unable to work with it The stability, as weU as the rate of formation of 
the acylated enzyme, has thus been found to vary with the nature of the 
acyl group, as might be expected if the acylated enz3Tne does indeed cor- 
respond to an intermediate in normal enzyme catalysis A somewhat 
similar effect appears in the transestenfication reaction of chymotrypsm 
(3), in that isobutyl and (eri-butyl alcohols react very slowly m comparison 
to their straight chain analogues Our attention was thus directed to the 
acids corresponding to those alcohols, namely isobutyric and tnmethyl- 
acetic acids 


Materials and Methods 

The mtrophenyl esters were made by the conventional methods which 
employ the appropriate acid chloride and pyridine Hippuryl chloride 
was prepared according to Emil Fischer (4) After couplmg, the reaction 
rmxture was poured into dilute acetic acid and ice The sohd matter 
so obtained was dissolved m acetone and precipitated by the addition of 
water If not crystalhne, such precipitates became so upon standing at 
5° Three crystalhzations were made in the same manner The com- 
pounds were identified by melting point, when known, and by colonmetric 
estimation of the mtrophenol hberated on sapomfication with alkah 

The following analytical data were obtained with those compounds 
that have not to our knowledge been previously described 
S ,4-Dimtrophenyl Benzoate — Found, C 54 3, H 2 80, 2 , 4-dimtrophenol 
63 3, calculated, for C13H8O6N2, C 54 2, H 2 79, 2,4-dmitrophenol 63 8 
Observed m p , 130-131° 

* Postdoctorate Fellow, Purdue University Journal Paper No 1081 of the Pur- 
due Agricultural Experiment Station, Lafayette, Indiana 
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'p-Nttro'plimyl Hippurate — Found, C 60 08, H 3 93, N (Dumas) 9 44 , 
p-mtrophenol 46 3, calculated, for Gi 5 Hi 20 eN 2 , C 60 0, H 4 00, N 9 34 , 
p-nitrophenol 46 3 Observed m p , 170-171° 
p-Nitrophenyl Isobutyrate — Found, C 57 4, H 5 37, N (Dumas) 6 75, 
p-nitrophenol 66 5, calculated, for C 10 H 11 O 4 N, C 57 5, H 5 26, N 670, 
p-mtrophenol 64 4 Observed m p , 39-40° 
p-Nztrophenyl Trimethylacetate — ^Found, C 59 3, H 5 84, N (Dumas) 
6 30, p-mtrophenol 62 4, calculated, for C 11 H 13 O 4 N, C 59 2, H 5 84, N 
6 28, p-nitrophenol 62 5 Observed m p , 94^95° 
p-Niti ophenyl Hydrocmnamate — ^Found, p-nitrophenol 52 2, calculated, 
for C 16 H 13 O 4 N, p-nitrophenol 51 4 Observed m p , 97-98° 

The acyl chymotrypsms' were prepared as previously described for 
acetyl chymotrypsin, with ether for the extraction of residual mtrophenyl 
ester and charcoal to remove mtrophenol (2) Neither isobutyryl, hydro- 
cinnamoyl, nor hippuryl chyunotrypsm was isolated from its solution, the 
first two were not required m these experiments, and hippuryl chymotryp- 
sin was too unstable p-Nitrophenylbenzene sulfonate reacted very 
slowly with chymotrypsin and was not studied further, p-mtrophenyl 
potassium sulfate^ did not appear to react at all Trimethylacetyl chy 
motrypsm crystallized readily from one-third saturated ammomum sulfate 
solution at pH 4 0, after an initial precipitation from the reaction mixture 
at two-thirds saturation The crystals were cube-hke but often occurred 
as twins However, the substance decomposed during subsequent crys 
talhzations, yielding typical crystals of the parent enzyme m active form 
Spontaneous decomposition of trimethylacetyl chymotrypsin also took 
place upon storage, probably owmg to traces of water absorbed by the 
protein after bemg dried in a vacuum (a common occurrence with pro- 
teins) After 30 days storage at 5°, the characteristic odor of tnmethyl- 
acetic acid was pronounced, and the material had lost about hah of its 
potential activity 


Results 

Rate of Reaction Shoum by Different Acyl Groups — ^The rate of reaction 
of several mtrophenyl esters with chymotrypsin is shown m Fig 1 ^ 
obvious that both the rate of acylation and the rate at which the acylated 
protein breaks down vaiy with the nature of the substituent group 

1 The molecular weight of chymotrypsin is taken as 25,000 in this paper 

= Prepared according to Burkhardt and Lapworth (5) 

* The reaction of 2,4-dinitrophenyl benzoate is not shown because this substance 
IS quite insoluble and thus unsuited for colorimetric measurements However, it vas 
observed qualitatively to react with chymotrypsin at pH 5 0 when parti}' m sus 
pension, so the benzoylated protein was prepared in the usual manner and has ecn 
used in some of the following experiments 
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the shoit time occupied by these expeiiments, the breakdown of the tri- 
methsdacetyl complex was negligible 

The slowness of the acylation by p-mtrophenyl trimethylacetate, to- 



Fig 1 The rate of reaction (liberation of nitrophenol) between chymotrypsin and 
several nitrophenyl esters Corrected for the spontaneous decomposition of the sub- 
strate, which was in all cases practically negligible The system consisted of 10 0 
ml of 0 07 M phosphate, pH 6 2, containing 4 5 mg (0 18 /imole) of a-chymotrypsm 
and substrate as below Temperature, 28° X = p-mtrophenyl hippurate (2 0 
/imoles), O = p-nitrophenyl acetate (2 5;imoles), A = p-mtrophenyl isobutyrate 
(2 5 Miuoles) , □ = p-mtrophenyl trimethylacetate (1 0 /imole) 

Fig 2 Showing agreement of the data for p-mtrophenyl trimethylacetate at pH 
6 2 (from Fig 1) with second order reaction kinetics o, initial molar concentration 
of substrate (1 0 X 10"^ m), b, initial concentration of free enzyme (1 8 X 10~® m), 
X, concentration of acylated enzyme (taken as equal to concentration of free nitro- 
phenol) at time i 

gether with the stability of the acjdated enzyme, offers a good opportumty 
to study the kinetics of the leaction at relatively high pH levels None 
of oui experiments was designed with this in view or the latios of enzyme 
to substiate would have been more appropriately chosen Nevertheless, 
it may be of passing mteiest that the course of the reaction shovm m Fig 1 
for the trimethylacetate (at pH 6 2) follows second order kinetics imtil 
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about 80 per cent complete (Fig 2) Values for the mitial velocities ere 
also calculated from the apparent second order constants m other experi- 
ments at several pH levels The enz 3 ane concentration m these cases 
was 6 5 X 10~® M and the imtial concentration of substrate was 10~* ii 

Table I 


Hydrolysis of Acyl Ckymotrypsin at 88°* 


Ester used 

Molanty 

pH 

Rate of hydro- 
lysis 

Relative rate 
hydrolysis 




yimoles per min 





per mg enzyme 


p-Nitrophenyl acetate 

2 0 X 10-< 

6 20 

0 0026 

1 0 



6 70 

0 0068 

2 6 



7 20 

0 013 

5 0 



7 60 

0 022 

8 5 

p-Nitrophenyl isobutyrate 

2 0 X 10-^ 

6 20 

0 00096 

0 37 



6 70 

0 0029 

1 1 



7 20 

0 0040 

1 5 



7 60 

0 0064 

2 5 

p-Nitrophenyl trimethylacetate 

1 0 X io-< 

6 20 

0 000084 

0 032 



6 70 

0 00018 

0 069 



7 20 

0 00029 

0 11 



7 60 

0 00040 

0 15 

p-Nitrophenyl hydroemnamate 

1 1 6 X 10-® 

6 20 

0 041 

16 0 

p-Nitrophenyl hippurate 

2 0 X 10-« 

6 20 

0 27 

100 0 

L-Tyrosine ethyl ester 

0 05 

6 2 

47t 

18,000 


* The initial reaction mixture consisted of 0 20 ml of substrate solution (m 
acetone), 0 90 to 4 5 mg of enzyme in 0 2 ml of water, and enough 0 07 M phosphate 

" buffer of the desired pH to make a total volume of 10 0 ml The enzyme was added 
at zero time except in the case of the hippurate in which the substrate was introduced 
last 

t The starting solution of 3 00 ml of 0 050 m L-tyrosine ethyl ester and 0 10 mg 
of a-chymotrypsm (introduced in 0 010 ml of water) was titrated at pH 6 2 with 
0 355 N NaOH at 30° The rate is calculated to a temperature of 28° (assuming a 
Qio of 2 0) 

The values X 10® were as follows. At pH 6 7 , 4 9 , at pH 7 2, 7 8, and at 
pH r 6, 10 moles per second These values should give an approximate 
idea of the dependence of the speed of reaction upon pH Second order 
kinetics has been found to fit the analogous reaction with nitrophenyl 
acetate^ and the somewhat similai case of the inhibition of acetyl estera'^c 
by diisopiopyl fluorophosphate (7) 

* In a private communication Dr Hans Neurath and Di Goidon Dixon of H'C 
University of Washington have recently informed us of an elegant senes of measure 
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The lelative lates at which several acyl chymotrypsms were hydrolyzed 
at foul pH levels appear in Table I The rates weie calculated from the 
latei (stead}'^ state) poitions of curves similar to those m Fig 1 but usually 

Table II 


Hydroxamtc Acid Formation 


pH 

Microequivalents of hydrotamic acid per /imole 
(25 mg ) chymotrypsin derivative 

Acetyl 

Benzoyl 

Trimethylacetyl 

5 0 

0 4 

0 6 


5 5 

1 0 



6 0 

1 1 



6 2 


0 8 


6 7 

0 9 



7 2 



0 

10 1 



0 

11 7 

1 0 

1 3 

1 

0 2 


Table III 

Ratio of Milk-Clotting and Esterolytic Coefficients after Activation by Allah* 



Time 

TEEf 

e $ 

TEE 

-^m c 

Chymotrypsin (3 times crystallized) 

days 

0 038 

3 0 

0 013 

Benzoyl chymotrypsin 

1 

0 027 

2 5 

0 on 

(t (t 

15 

0 015 

1 3 

0 012 

Acetyl “ 

217 

0 038 

3 0 

0 013 

<C (( 

120 

0 031 

2 6 

0 012 

Trimethylacetyl chymotrypsin§ 

10 

0 030 

2 7 

0 on 


* Tested 35 minutes after solution in 0 07 m phosphate buffer, pH 7 5 
t Splitting of tyrosine ethyl ester under the conditions described previously (3) 
expressed as milhequivalents per minute per mg of enzyme protein 

t Milk-clotting activity by the method described previously (1) K = 1/t X mg , 
the reciprocal of the clotting time in minutes X mg of enzyme protein 

§ pH 8 0, as described in Fig 4 Results calculated to 25° on the assumption 
Qio = 2 

extended over a longer tune It may be noted that the rates are all pH- 
dependent 

The behavior of p-mtrophenyl hippurate, which appears to decompose 
so rapidly, is m fact rather sluggish when compared to that of a “good” 

ments made at very short time intervals on the much less stable acetyl system Ref- 
erence IS made to their thorough study which has now appeared (6) 
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ester substrate of cbymotrypsin Thus, at pH 6 2, L-tyrosme ethyl ester 
IS hydrolyzed about 180 tunes as fast as p-mtrophen 3 d hippiuate, and the 
latter, about 100 tunes as fast as the corresponding acetate Although 



tn 

2 

O 

O 


(D 



Fig 3 


Fig 4 


Fig 3 Reactivation in the presence of 0 05 m L-tyrosine ethyl ester, pH 6 2, at 
30° and 0 025 mg of protein in a total volume of 3 0 ml O = active chymotrypsin, 
A - acetyl chymotrypsin, □ = isobutyr}'! chymotrypsin, • = benzoyl chymotryp 
sin (the results calculated from an experiment at 25° assuming Qio = 2), and X * 
tnmethylacetyl chymotrypsin 

Fig 4 Activation of tnmethylacetyl chymotrypsin at pH 8 0 The initial re- 
action mixture was 9 7 mg of protein dissolved in 1 ml of 30 per cent glycerol and 
70 per cent 0 1 ii phosphate, pH 8 0, at about 25° Suitable fractions of this solution 
were taken for esterolytic and milk-clottmg tests, the latter containing an amount 
of active enzyme sufficient to clot 10 ml of pasteurized skim nulk, pH about 6 5, con 
taming 0 01 m CaCh, in 1 to 2 minutes at 40° (1) The esterolytic activity is the 
usual zero order rate with tyrosine ethyl ester per mg of protein The milk clotting 
constant is expressed as 1/1 (minutes) per mg of protein O = milk-clotting activ 
ity of the mixture containing tnmethylacetyl chymotrypsin, □ = esterolytic activ 
ity of the same, A = milk-clotting activity, and • = esterolytic activity of active 
(unacj'lated) chymotrypsin 


6 2 IS optunal for the hydrolysis of the tyrosine ester, this is far from being 
the case with the other substrates 

Stabihty of Acylated Enzyme — ^Two criteria have been used the p 
level at which nearly complete reaction with hydroxylamme took place, 
(Table II) and the rate of the return of activity in mildly alkahne solutions 
(Table III) Hydroxamic acid formation, measured as previously o 
scribed (2) (accordmg to Hestrm (8)), is shown m Table II There is no 
marked difference between the behavior of benzoyl and acetyl chymotr} p 
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sm On the other hand, trimethylacetyl ch 3 Tnotrypsin reacted incom- 
pletely, even at a pH level where such stable esters as ethyl acetate react 
quantitatively 

It is evident from Fig 3 that, with the other acylated chymotrypsins 
tested, a substantial return of activity occurred in a few minutes in the 
presence of tyrosine ethyl ester at pH 6 2, but not with trimethylacetyl 
chjrmotiypsm However, complete reactivation of this substance has 
been attained undei the conditions described m Fig 4, m essence, when 



Fig 5 Transestenfication reaction between p-nitrophenyl trimethylacetate 
and n-butanol catalyzed by chymotrypsin Corrected for the (very small) sponta- 
neous liberation of nitrophenol The reaction mixture consisted of 10 ml of 0 07 m 
phosphate, pH 7 6, 1 0 /imole of p-mtrophenyl trimethylacetate (added in 0 2 ml of 
acetone), 4 0 mg (dry weight) of a-chymotrypsin, and n-butanol when used Tem- 
perature, 23° O = no butanol, and A = 0 33 m n-butanol 

the inert protem was exposed to an unfavorably alkaline pH m the pres- 
ence of glycerol to protect it from denaturation ® 

It was of interest to see whether the reactivated protem possessed the 
same ratio of esterolytic and milk-clottmg activities as the origmal Table 
HI shows that this was so in all the cases tested Moreover, the spon- 
taneous decomposition which sometimes occurs during storage affects 
both properties of the protem to the same extent 

Transestenfication — ^No effort was made to study transestenfication 
with all the chymotrypsm derivatives described here, but the outstandmg 
stability of the trimethylacetyl derivative mduced us to test this case 
Fig 5 indicates that chymotrypsm mediates the transfer of trunethyl- 

' This scheme was not successful in reactivating a phosphorylated chymotrypsm 
(bis [p-chlorophenyl] phosphoryl chymotrypsin), although the exposure time tv as 
greatly lengthened 
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acetyl to n-butanol, although when the pH and the quantity of enzyme 
used are considered, the rate is very much slower than in the case of acetyl 

DISCUSSION 

The existence of a wide variety of acylated chymotrypsms appears to 
be possible Under otherwise comparable circumstances, both the rate of 
formation and the subsequent rate of decomposition (the stability) of the 
acylated protein obviously depend to a great extent upon the nature of the 
substituent group The stability of these derivatives differs very greatly 
One decomposes almost instantly (whereby the enzyme becomes a good 
catalyst) , another exhibits stabihty approaching that of the phosphoryl- 
ated chymotrypsms (whereby the “substrate” becomes a good inhibitor) 

The marked lability of hippuryl chymotrypsin suggests that the pres- 
ence of a peptide Imkage in the acylating group decreases the stabihty of 
the complex This appears to be a reasonable idea in view of the fact 
that the esters known to be most rapidly split by the enzyme do contain 
a peptide bond The same conclusion may be reached if it is allowable 
to compare the behavior of the hippuryl with the benzoyl derivative, 
which is much less labile 

The marked stability of trimethylacetyl chymotrypsin suggests that 
the presence of a branched carbon cham in the acylating group tends to 
increase the stability of the acylated protein The same conclusion is 
presented (though not so forcefully) by the behavior of isobutyryl chy- 
motrypsin There is also some evidence that stability in the phosphoryl- 
ated chymotrypsms and phosphorylated cholme esterases is likewise 
increased by the presence of a branched carbon chain (9) The oppor- 
tumty IS thus afforded through the mtrophenyl esters of preparmg inhibi- 
tors of chymotrypsm and chohne esterase of almost any desired potency 
Some of these inhibitors offer obvious possibilities as insecticides and the 
like 

It IS well known that both acids and alcohols of branched structure 
are esterified (by catalysis) with greater difficulty than then isomers 
with straight carbon chains Moreover, the branched esters, once thej^ 
are formed, undergo base hydrolysis less readily (10) Since the speed 
with which acyl chymotrypsms are reactivated increases greatly with 
OH" concentration, the case is presumably one of base hydrolysis Thus 
stenc hindrance referable to the substrate itself may well be mvoked to 
explain the stabihty of trimethylacetyl chymotrypsin Just what role t le 
configuration of the protem plays in this is not obvious, yet it must be an 
important one if the process is to be considered enzymatic It may be 
noted that all of the mtrophenyl esters tested, with two exceptions (t ^ 
sulfate and phosphate), reacted at least to some extent with chymotrypsin 
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Cleaily, there is no maiked display of enzjonatic specificity in these reac- 
tions 

Yet theie aie some leasons for considering this process of acylation and 
deacjdation as an example, perhaps a typical one, of enzymatic ester or 
peptide hj'’drolysis Of the proteins known to catalyze the hydrolysis 
of mtiophen 3 d acetates, only those that are weU lecogmzed hydrolytic 
enzjmies possess this piopeity to any marked degree In the most studied 
case, that of chymotrjfpsm, a smgle group essential to all the activity 
of the enzyme is preferentially acylated, and the enzyme is thereby macti- 
vated so long as the combination lasts The lack of specificity for the 
acylatmg group, which is so apparent with chymotrypsm, appears to be 
due to sole dependence of the reaction on the mtrophenyl group How- 
ever, it should be remembered that chymotrypsm is probably the most 
versatile hydrolytic enzyme to have been studied 

Another reason for considermg the participation of the protem as impor- 
tant IS the transesterification reaction (3) which may be observed best 
with chymotrypsm and was not observed to occur with such proteins as 
msuhn and serum albumm It is clear that m a transesterification chy- 
motrypsin exhibits a decided preference for straight chain alcohols More- 
over, no such preference is shown by acetyl benzoyl histidine methyl ester 
(which IS formed as an intermediate m the breakdown of mtrophenyl 
acetates by benzoyl histidme ester), although there is defimte evidence of 
a slow transesterification reaction m the presence of free alcohols (11) 
The behavior of the protem, however, may be interpreted m opposite 
ways Either the branched alcohol does not combine readily with the 
enz 5 Tne while the normal isomer does, or else both alcohols combme but 
the formation of the new ester is hindered m the case of the branched 
alcohol The first case would mdicate specificity on the part of the pro- 
tem and would imply a special grouping as an anchorage for the alcohol 
The second case might well be just another example of steric hindrance, 
with no unphcation of a particular bmdmg place We hope to decide the 
alternative soon 


STJMMABY 

Chymotrypsm has been successfully acylated by a number of nitro- 
phenyl esters whose acyl gioups differ widely m structure Both the 
speed of acylation and the stabihty of the resulting product varied with 
the nature of the acyl group Both reactions were pH-dependent 

When the acylatmg gioup contained a peptide linkage (hippuryl chymo- 
trj^psm), the acylated protem was decidedly less stable than acetyl chymo- 
trj'-psm On the other hand, when the acyl group was an ahphatic acid 
with a branched carbon chain, a greatly increased stabihty m weakly 
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alkaline solution was observed This was well illustrated by trimethyl- 
acetyl chymotrypsin Compared with other acyl chymotrypsins tested, 
the substance formed slowly and decomposed very slowly, thus offering an 
excellent material for kinetic studies It may be crystalhzed, it reacts 
incompletely with hydroxylamine even m strongly alkaline solutions, and 
it reverts slowly to chymotrypsm m the presence of tyrosine ethyl ester 
It IS readily reactivated at pH 8 under special conditions, when both the 
milk-clotting and the esterolytic properties of the original enzyme are 
lecovered almost completely 

The existence of a great variety of acylated chymotrypsins, whose 
individual stability may vary between wide hmits, appears possible 
Thus, the very stable phosphorylated chymotrypsins are at one end of such 
a scale while substituent groups containing a peptide linkage appear to be 
near the other end 

The authors are greatly indebted to Mr K C Tseng for the prepara- 
tion and study of benzoyl chymotrypsin and to Mrs Lucinda F Hayes 
for technical assistance 


BIBLIOGRAPHY 

1 Balls, A K , and Aldrich, F L , Proc Nai Acad Sc , 41, 190 (1955) 

2 Balls, A K , and Wood, H N , J Btol Chem , 219, 245 (1956) 

3 McDonald, C E , and Balls, A K , / Biol Chem , 221, 993 (1956) 

4 Fischer, E , Ber chem Ges , 38, 605 (1905) 

5 Burkhardt, G N , and Lapworth, A , J Chem Soc , 684 (1926) 

6 Di\on, G , and Neurath, H , J Biol Chem , 226, 1049 (1957) 

7 Jansen, E F , Nutting, M -D F , and Balls, A K , / Biol Chem , 176, 975 (1948) 

8 Hestrin, S , J Biol Chem , 180, 249 (1949) 

9 British Intelligence Objectives Sub-Comnuttee Report No 714 (1945) 

10 Ingold, C K , Structure and mechanism in organic chemistry, Ithaca (1953) 

11 Brecher, A S , and Balls, A K , / Biol Chem , 227, 845 (1957) 



EFFECT OF VITAMIN B 12 DEFICIENCY AND FASTING ON THE 
INCORPORATION OF into NUCLEIC ACIDS AND 
PHOSPHOLIPIDES OF INFANT RATS* 

By B L O’DELL and J H BRUEMMEE 

{From the Department of Agricultural Chemistry, University 
of Missouri, Columbia, Missouri) 

(Received for publication, December 26, 1956) 

Histochemical studies have shown a decreased concentiation of cyto- 
plasmic pentose nucleic acid^ in the liver (1-4), pancreas (2), spinal cord 
(3), and cervical ganglia (3) of vitarmn Bi 2 -deficient rats The concen- 
tiation of both PNA and DNA per gm of tissue was decreased in hvers 
from weanhng rats fed a diet containing lodinated casein, but the amount 
pel cell was unchanged (5, 6) Comparison of new born rats from control 
and vitamin Bi 2 -depleted dams (7) showed no difference in the DNA or 
PNA concentration per gm of hver tissue, but the deficient livers con- 
tained shghtly less PNA per cell Brain tissue from the deficient off- 
spring had more cells and more DNA per gm of tissue, but the amount of 
DNA per nucleus was unchanged The amount of PNA per brain cell 
was less in the deficient animals Recent obseivations on growing rats 
produced by vitamin Bi 2 -depleted dams (8) confirmed earher lesults that 
the concentration of DNA and PNA per gm of hver is decreased and 
demonstrated a deci eased rate of PNA and DNA regeneration after partial 
hepatectomy 

From carcass analyses it has been postulated (9) that vitamin B 12 plays 
a role in carbohydrate and fat metabolism An extension of this study 
(10) showed that a deficiency of vitarmn B 12 results in a derangement of 
caibohydrate utilization and a decreased phospholipide content of blood 
and tissues 

In order to gam more insight into the effect of vitarmn B 12 on nucleic 
acid and phospholipide metabolism, a study was made of P^^ incoiporation 
into brain and liver tissue of new born rats from vitamin Bi 2 -depleted and 
contiol dams The specific activity of the acid-soluble phosphorus de- 

* Contribution from the Missouri Agricultural Experiment Station, Journal Series 
No 1701 Approved by the Director Supported in part by a research grant No 
A352, from the National Institute of Arthritis and Metabolic Diseases of the National 
Institutes of Health, Public Health Service This grant was made to Dr A G Ho- 
gan, principal investigator, and the authors gratefully acknowledge his counsel 
A preliminary report of this work has appeared {Federation Proc , 16, 566 (1956)) 

‘ The following abbreviations are used pentose nucleic acid, PNA, deoxypentose 
nucleic acid, DNA 
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creased at a slower late in the deficient animals The vitamin Bjo defi- 
ciency had no effect on incorporation into phosphohpide, but markedly 
decreased its mcoiporation in both PNA and DNA Fasting had a smu- 
lai effect on nucleic acid synthesis, but also decreased P^’- incorporation 
into phosphohpide 


EXPERIMENTAL 

The animals used weie the new bom offspring (usually less than 24 
hours of age and weighing approxunately 5 gm ) of Wistar strain dams 
maintained for several months on a soy bean oil meal-glucose diet= (11) 
and controls that received a supplement of 30 7 of vitamin B12 per kilo 
The ciitena used to determine a state of deficiency in the new bom rat 
were descnbed previously (12) 

The isiffope® was administered by dorsal subcutaneous injection wath a 
1 inch, 27 gauge needle The usual dose was 10 pc of P^^ given as the 
phosphate in a volume of about 0 1 ml A few animals leceived 20 pc 
The activity of the original dose as well as that of the fractions was deter 
mined by use of a liquid dip counter, which was cahbrated with a 
standard obtained from the National Bureau of Standards All counts 
B ere corrected for geometry and decay, and the maximal counting error 
was less than 5 per cent Phosphorus vms determined by an adaptation 
of the method of Fiske and Subbaroiv (13) 

Unless othemase noted, the animals ivere killed 12 hours after the isotope 
vas administered After decapitation, the tissues ivere removed, chilled 
on ice, blotted free from flmd, weighed (150 to 200 mg ), and homogenized 
Bi cold ivater The homogenate was precipitated with cold tnchloro 
acetic acid and fractionated by the method of Schmidt and Thannhauser 
wru iRCubation m KOH, the chilled solution vms acidified vath 

HU, treated with trichloroacetic acid, and the precipitate centrifuged 
IS residue was wmshed once vuth 2 5 per cent trichloroacetic acid and 
esignated as the DNA fraction ” To the combined supernatant solu- 
lon an washings ivere added 100 7 of phosphorus as KH2PO4, and the 
inorganic phosphorus was precipitated (15) The cairier phosphate was 
a e to aid in quantitative removal of inorganic phosphorus from the 
supeinatant solution, which vas then designated as the “PNA fraction ” 

= Folic acid as supplied through the courtesy of Dr T H Jukes, Lederle Labon 
tones Division, American Cyanamid Company, Pearl Eiver, New York, biotin 
through the courtesy of Dr G K Parman, Hoffmann-La Eoche, Inc , NiKlej , No" 
ersej , an t \e other crystalline vitamins through the courtesy of Dr L Rhclnun^j 
Aierck and Companj'^, Inc , Rahway, New Jerse3'‘ 

’ The inorganic phosphate containing P” was obtained fiom the Oak Ridge Nn 
tional Laboratory on allocation from the Atomic Energy Commission 
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Of the total counts lecoveied, less than 5 pei cent appealed in the phos- 
phopiotein fiattion, and this fiaction will be neglected 

The specific activity of all fi actions was collected foi dilfeiences in 
dosage and body weight As used heie, specific activity is defined as 
counts pel nnnute pei iniciogiam of phosphoius divided by the counts pei 
minute administeied pei gm of body weight In older to minimize the 
effect of diffeient dosage levels and to i elate the fractions more directly 
to then piecuisoi, the activities of the hpide-soluble DNA and PNA frac- 
tions are reported as relative specific activities The relative specific ac- 
tivity of a fraction is defined as the specific activity of that fraction divided 
by the specific activity of the acid-soluble fraction at the time of death 

Results 

The distribution of among the fractions of hver and brain tissue from 
deficient and control animals is shown in Table I Although the PNA 
and DNA fractions prepared by the Schnudt-Thannhauser method are 
not of high radiopurity (16), the method allows recovery of essentially all 
of the phosphorus, and the results should be vahd for the comparison under 
study The animals used for these analyses were killed 12 hours after 
injection of the isotope This penod, although not optimal for nucleic 
acid incorporation studies in hver, was a compromise to allow incorporation 
into the brain tissue to approach the maximum, which requires about 48 
hours in the mouse (17) The specific activity of the phosphorus in the 
acid-soluble fraction of both tissues from the deficient animals was higher 
than that m comparable tissue from controls This is interpreted to mean 
that phosphorus is not utilized from the acid-soluble pool as rapidly in the 
deficient animals and that the phosphorus being incorporated into other 
compounds in the deficient animals at any given time is m eqmhbnum 
with a pool of higher specific activity than m the control animals 

The results do not allow one to determine whether the defect lies in the 
failure to utilize inorganic phosphorus or to utdize some other form of 
acid-soluble phosphorus However, prehminary data (18) indicate that 
at the time of death about 65 to 75 per cent of the activity m the acid- 
soluble fraction of the livers and brains of deficient animals was due to 
inorganic phosphorus In the control animals about 50 to 60 per cent was 
due to inorganic phosphorus In animals killed at intervals from 1 to 12 
hours after administration of the specific activity of the inorganic 
portion was approximately 50 per cent higher than that of the total acid- 
soluble fraction of hver Over the period studied there was a constant 
relationship between these specific activities, regardless of the tissue or 
treatment Daoust et al (19) also found that the specific activity of the 
inorganic phosphorus portion of the acid-soluble fraction of rat hver is 
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directly related to, and approximately the same as, the total fraction It 
seems then that the specific activity of the phosphoius in the vaiious fiac- 
tions can logically be i elated to the acid-soluble fraction 

The relative specific activity of the lipide-soluble fractions in both liver 
and brain tissue was unchanged by the vitamin B12 deficiency, but that of 
the nucleic acid fractions was decreased at least 20 pei cent 111 both tissues 
Thus, it appears that, while a vitamin B12 deficiency in new born rats has 


Table I 

V%tarm7i Bn Deficiency and Distnbuhon of in Brain and Liver Tissue 
Twenty-siv deficient and nineteen control animals about 6 hours of age received 
10 /iic of and were killed 12 hours later 


Dietary supplement 

Specific activity of 
acid soluble P* X 10"® 

Relative specific activity! 

Lipide soluble P 

DNA P 


Liver 

None 

Vitamin Bi 2 

768 ± Gt 

598 ± 23 

P <0 01§ 

b 930 ± 0 026 
0 934 ± 0 019 

0 344 ± 0 013 
0 437 db 0 016 
P <0 05 

0 186 ± 0 013 
0 249 ± 0 on 
P <0 01 

Brain 

None 

Vitamin B 12 

195 ± 4 

179 ± 6 

P <0 02 

0 173 ± 0 004 
0 185 ± 0 005 

0 019 ± 0 001 
0 028 ± 0 002 
P <0 01 

0 123 ± 0 007 
0 147 ± 0 002 
P <0 01 


* Specific activity = counts per minute per microgram of P divided by counts 


per minute administered per gm of body weight 

t Relative specific activity equals specific activity of phosphorus in the fraction 
divided by the specific activity in the acid-soluble fraction 
t Standard error of the mean 

§ Statistical significance of the difference of the means 


httle or no direct effect on phosphohpide synthesis, it does decrease the 
rate of synthesis of both DNA and PNA 

Since the vitamin Bi2-deficient offspring commonly had less milk m their 
stomachs than the controls, it was important to deternune whether the 
differences observed weie simply the result of fasting The effect of fash 
ing on incoiporation in liver and brain is shown in Table II Ii^ 

I the animals were kiUed 12 hours, and in Tnal II 24 hours, after adminis- 
tration of the isotope In many respects the effect of fasting on P^^ mcor 
poration m fiver tissue was analogous to that of the vitamin deficiencj 
The specific activity of the acid-soluble phosphorus was highei in the fas 
animals than in the controls and the relative specific activities of the nu^ 
cleic acid fractions were markedly lower However, in contiast to 
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vitamin Bi 2 -deficient animals, 12 hours after tieatment the lelative specific 
activity of hpide-soluble phosphoius fiom the fasted animals was about 
one-thiid that of the contiols In the control animals killed after 24 hours, 
the lelative specific activity of the hpide-soluble phosphoius in the con- 
tiols was onl 3 ’- shghtlj'’ highei than those killed after 12 houis, whereas that 
in the fasted animals had doubled This demonstiates that the rate of 
incorporation of phosphorus into phosphohpide in the fasted animals was 


Table II 

Effect of Fasting on Distribution of in Liver and Brain Tissue 


Trial No 

Conditions 

Specific activity 
of acid soluble 
P* X 

Relative specific activity 

Lipide soluble P 

DNAP 

PNAP 

Liver 

It 

n§ 

Fasted (4)t 
Control (3) 
Fasted (4) 
Control (4) 

913 d= 84 
697 ± 42 
678 d= 17 
460 ± 8 

0 32 ± 0 02 

1 00 ± 0 03 

0 70 ± 0 03 

1 10 ± 0 03 

0 15 ± 0 005 
0 38 ± 0 on 
0 33 ± 0 015 
0 58 ± 0 030 

0 07 ± 0 003 
0 30 ± 0 045 
0 13 ± 0 009 
0 43 ± 0 012 

Brain 

If 

n§ 

Fasted (4)t 
Control (3) 
Fasted (4) 
Control (4) 

187 ± 14 
178 ± 7 

220 ± 6 

245 ± 7 

0 056 =fc 0 003 

0 182 ± 0 on 

0 136 ± 0 003 
0 316 ± 0 009 

0 008 rfc 0 002 
0 016 ± 0 001 
0 017 ± 0 001 
0 042 d= 0 002 

0 046 ± 0 006 
0 099 ± 0 010 
0 091 ± 0 003 
0 231 ± 0 007 


* See Table I, footnotes 

1 10 /iC of P’2 injected at 6 hours into animals, fasted 18 hours, and killed 12 hours 
after injection 

t Number of ammals analyzed 

§ 20 /ic of P’2 injected at birth into ammals, fasted 24 hours and killed 


decreased and shows a distinct difference between the fasted and vitamin 
Birdeficient animals 

The effect of fasting on brain is analogous to that described for hver, 
except that fasting had no effect on the specific activity of the acid-soluble 
phosphorus The tendency of fasting to decrease the relative specific ac- 
tivity of the hpide-soluble and DNA phosphorus was more marked in 
brain than in hver 


DISCUSSION 

From the results of previous studies (1-8) it seems clear that a vitamin 
Bi 2 deficiency results in a decreased concentration of PNA per gm of tissue 
as well as per cell The effect on the DNA concentration is not as clear, 
but it IS doubtful that a deficiency affects the amount of DNA per nucleus 
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(7) Consequently, the concentration pei gm of tissue will depend chiefly 
upon the size of the cells, since the deficiency has little effect on the mois- 
ture content of the tissues (12) The numbei of cells and the concentiation 
of DNA in the brain tissue of new boin lats deficient in vitamin Bia aie 
higher than normal (7) A sunilai effect on the number of cells per gm 
of brain has been obtained by fasting new born animals foi 24 hours (18) 

If the rate of incorporation of a tissue constituent may be used 

as a measuie of the metabolic activity or turnover of that constituent, the 
turnovei of the DNA and PNA P of both hvei and brain tissue was de- 
pressed by a vitanun B 12 deficiency and by fasting It imght be assumed 
that the effect of the vitamin deficiency was simply a fasting effect either 
from lack of food or failure to utilize the food, except for the fact that the 
deficiency had no effect on phosphohpide metabohsm, whereas fasting had 
a maiked effect 

The lower rate of DNA P turnovei reflects a decieased rate of mitosis 
and it IS difficult to distinguish cause and effect The lower rate of PNA 
P turnover is associated with slower rate of cell growth and, in general, 
with smaller cells This would account for the increased concentration of 
DNA per gm of brain tissue (7) The hver cells of new born rats undergo 
mitosis and growth in the same manner as regeneiatmg hver cells It is 
interesting to note that 12 hours after injection of P^^ into the normal 
new bom anunal the specific activity of the hver DNA P is higher than 
that of the PNA P The decreased rate of nucleic acid synthesis indicated 
by this study is in agreement with the observations of decreased regeneia- 
tion of hver aftei partial hepatectomy m vitamin Bi 2 -deficient lats (8) 
In relation to the rate of mitosis, it should be noted that the rate of P^ 
incorporation into brain DNA is a small fraction of that in hver, indicating 
a relatively slow production of new brain cells On the other hand, the 
incorporation of phosphorus into biain PNA proceeds at a more rapid rate, 
approximately one-half that in hver PNA This might be interpreted to 
mean that at this stage of growth the brain cells are increasing in size with- 
out a large increase in number It is also pointed out that at this age there 
is an appreciable incorporation of phosphorus into brain DNA, whereas m 
adult animals it is barely detectable (20) 

The present results indicate that a vitamin B 12 deficiency did not affect 
the turnover rate of hpide phosphorus Ling and Chow (10) found less 
phosphohpide in the tissues of vitamin Bi 2 -deficient rats Although it is 
difficult to reconcile these obseivations, it should be pointed out that there 
was considerable age difference in the animals studied 

SUMMARY 

Radioactive phosphoras was administered to fasted new bom rats and 
to the offspnng of vitamin Bi 2 -deficient dams The brams and hvers were 
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fiactionated and the specific activities of phosphoius in the various frac- 
tions weie compaied to similai fi actions fiom control animals The acid- 
soluble phosphoius had a highei specific activity in both the deficient and 
the fasted animals The lelative specific activities of the hpide-soluble 
phosphoius, deovj’^pentose nucleic acid (DNA) P, and pentose nucleic acid 
(PNA) P, lelated to acid-soluble fiaction, were markedly lowei in the 
fasted animals The vitamin Bi2-deficient tissues diffeied from those of 
the fasted animals chiefl}'^ in that there was no effect on the relative specific 
actnuty of the hpide-soluble phosphoius In the vitamin Biz-deficient rat 
the metabolic activity of both DNA and PNA was lower than normal 
It was concluded that the lower lelative specific activity of the DNA P 
in the vitamin Bi2-deficient lat is related to a decreased rate of mitosis 
The lower relative specific activity of the PNA P indicates a lower rate of 
PNA synthesis m the vitamin Bn-deficient animals and is associated with 
a small brain cell 
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THE METABOLISM OF d-GALACTOSE IN 
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New and radically diffeient mechanisms for the oxidation of glucose and 
L- and D-arabinoses have been found lecently in Pseudomonas saccharo- 
phtla (1-5) In the piesent studies, a new pathway for the oxidation of 
D-galactose by the same organism is described The pioposed scheme is 
entirely different from the galactokmase-galactowaldenase pathway which 
has been worked out by Tiucco et al (6) and Caputto et al (7-9), and com- 
bmes some features of the metabohe mechamsms used by P saccharophtla 
for the oxidation of glucose on the one hand and of L-arabmose on the 
other A prehmmary report has been published (4) 

Prehmmary experiments showed that the “wild type stram” of P sac- 
charoplvtla could be readily adapted to grow with galactose as substrate 
and that the adapted cells could oxidize galactose but could not use either 
glucose or fructose The adaptation reqmres only a short penod of time 
and is mductive in nature Neither mutation nor the selection of adapted 
clones, which are prerequisites to the growth of the same species m glucose 
or fructose media (10), is necessary In the presence of 0 002 m arsemte, 
adapted cells oxidize galactose with the production of pyruvic acid When 
the cells are poisoned with 0 002 m lodoacetate, both pyiuvic acid and 
methylglyoxal appear m the medium These observations suggested that, 
as m the case of glucose metabolism, pyruvic acid and triose phosphate 
might arise from the sphttmg of a 2-keto-3-deoxy-6-phosphohexomc acid 
In the foUowmg expeiiments, the evidence for such a reaction is presented 
and a sequence of biochemical steps leadmg to the formation of a new 
postulated phosphorylated intermediate is described 

Methods 

Cultures of P saccharophila were grovm in a hquid mmeral medium con- 
taimng 2 5 gm of galactose, 1 gm of NH 4 CI, 0 5 gm of MgS 04 7 H 2 O, 50 
mg of ferric ammomum citrate, and 5 mg of CaCL per liter of 0 033 M 
ICH 2 P 04 -Na 2 HP 04 buffer at pH 6 8 The cultuies were meubated at 30° 
with contmuous aeration on a rotary shaker Cell-free extracts were 

* This work was supported in part by a grant from the National Science Founda- 
tion and in part by Cancer Research Funds of the Universitj’’ of California 
t Fellow of the Rockefeller Foundation 
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piepaied by gimding the paste of centrifuged and washed cells with levi- 
gated alumina, extraction with 4 volumes of 0 01 M phosphate buffei, pll 
6 8, and lemoval of the insoluble mateiial by centrifugation (11) Ciuclc 
pieparations obtained m this mannei could be stoied foi several weeks at 
— 20° Muthout appieciable loss of enzymatic activity 

D-Galactose was freed of glucose and purified according to the method 
of Pallerom et al (12) Crystallme potassium n-galactonate was pre- 
pared from this purified galactose by h 5 T)oiodite oxidation (13) 6-Phos- 
phogalactonate was prepared by bromine oxidation from galactose 6-phos- 
phate by R Weimberg Reduced diphosphopyridme nucleotide (DPNH) 
oxidase from Azotohacter mnelandu was partially purified by sedimenting a 
crude extract at 100,000 X S' for 2 hours ^ Calcium n-glyceraldehyde 3- 
phosphate and crystalhne triosephosphate dehydrogenase were kmdly pro 
vided by Dr C E Ballou 

Lactones were determined according to Hestrm (14) With this pro- 
cedure 1 fimole of D-galactono-y-lactone gives a reading of 120 mth No 54 
filter m the Klett colorimeter, 1 /amole of metasaccharm gives 100 Galac- 
tomc acid was determmed by the same method after conversion of the acid 
to lactone by boiling for 5 minutes in n HCl a-Keto acids were deter- 
mined with the o-phenylenediamine reaction (15) or as semicarbazones (2) 
Pyruvic acid was determined according to the method of Fnedemann and 
Haugen (16), toluene being used for the extraction of the hydrazone 
Formaldehyde was determined by the method of MacFadyen (17) d- 
Glyceraldehyde was deterimned enzymically by measuring the reduction 
of DPN in the Beckman spectrophotometer at 340 m/x in a system contain- 
mg 1 jumole of DPN, 40 jumoles of sodium arsenate, 10 jumoles of neutral- 
ized cysteine, and 0 06 ml of a suspension of crystalhne triosephosphate 
dehydrogenase m 3 ml of 0 026 m pyrophosphate buffer, pH 8 4 The 
Warburg respirometer was used for measuring oxygen consumption and 
CO 2 production Radial, ascending, and descending chromatograms on 
acid-washed Whatman No 1 filter paper were used for the identification 
and purification of various compounds Before apphcation on paper, the 
solutions were usually treated with either Amberhte IR-120 or Dowex 50 m 
the H form The following solvents were used Solvent 1, w- propanol- 
distilled formic acid-watei (6 3 1), Solvent 2, methanol-distilled formic 
acid-water (80 13 7), Solvent 3, methanol-ammonia-water (6 1 3) 

Alkahne silver mtrate spray (18) was used to detect substances capable 
of reducing silver Brom thymol blue and seimcarbazide (19) sprays were 
used for the detection of acids and keto compounds, respectively 4 ic 
o-phenylenediamine spray (15) proved to be the most specific for the e- 
tection of the a-keto acids (20) 

1 A G Marr, personal communication 
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EXPERIMENTAL 

In pieliminaiy manometuc experiments, m which crude cell-free extracts 
weie incubated aerobically with galactose, DPN, and DPNH oxidase in 
tris(hydro\ymethyl)aminomethane (Tris)-HCl buffer, pH 8 0, 0 5 mole of 
oxygen was taken up per mole of substrate In the absence of either DPN 
or DPNH oxidase, galactose was not oxidized All attempts to demon- 
strate a galactokmase with adenosine triphosphate (ATP) were unsuccess- 
ful These observations suggested that the sugar is first oxidized to ga- 
lactonic acid, possibly by way of a lactone When galactonate and ATP 
were incubated vnth the enzyme, pyruvic acid was produced If the re- 

Table I 

Formation of Pyruvate from Various Substrates 
The reaction mi\tures contained 0 2 ml of crude cell extract and 10 /imoles of 
MgCli in a final volume of 1 ml of 0 05 m Tns-HCl buffer, pH 8 0, and were incu- 
bated for 1 hour at 30° 10 /imoles of each substrate and of ATP and 6 ;umoles of KF 

were added as indicated below 


Additio 

Pyruvic acid formed 


itmoles 

Galactonate 

0 

“ -f ATP 

6 9 

“ -f “ -f- KF 

6 9 

6-Phosphogalactonate 

2 9 

“ -f KF 

0 

6-Phosphogluconate 

9 0 

“ + KF 

0 

Gluconate 

0 

“ -f ATP 

0 


action was allowed to go to completion with an excess of ATP, 1 mole of 
pyruvate was formed per mole of galactonate imtially added The crude 
enzyme preparation also produced pyruvic acid from 6-phosphogalacto- 
nate and from 6-phosphogluconate Neither of these compounds, how- 
ever, fulfilled the requirements for being intermediates m the metabohsm 
of galactonate In the first place, 6-phosphogalactonate was decomposed 
at a much lower rate than was galactonate in the presence of ATP Fur- 
thermore, the decomposition of both phosphohexomc acids was strongly 
inhibited by fluoride, while p 3 '^ruvate formation fiom galactonate and ATP 
was practically unaffected (Table I) 

It was furthei obseived that, if galactonate was preincubated with the 
enzyme before the addition of ATP, the subsequent rate of pyruvate for- 
mation was doubled Duimg such pieincubation galactonate was found 






748 


METABOLISM OF D-GALACTOSE 


to disappear and a keto acid othei than pyruvic acid to appear in the re- 
action mixtures 

These findmgs led to the conclusion that an imtial oxidation of galactose 
to galactomc acid is followed by a conversion of galactomc acid to a keto 
acid which can subsequently be phosphorylated and decomposed to yield 
pyruvic acid Studies on some of the reactions in this sequence are de- 
tailed m the followmg sections 

Oxidation of D-Galactose 

With galactose as substrate, DPN was reduced by cell-free preparations 
in either phosphate, pH 7 0, or Tris buffer, pH 8 0 Triphosphopyridine 
nucleotide was reduced at approximately one-sixteenth the rate L-Arabi- 
nose was also oxidized by preparations of cells grown vath n-galactose, but 
the relative rates of DPN reduction with the two substrates varied greatly 
m different batches of cell-free extract No oxidation of glucose, gluco 
nate, or galactonate could be detected with either DPN or triphospho- 
pyxidme nucleotide as a hydrogen acceptor 

In a manometric experiment in which 0 2 ml of crude enzyme, 20 innoles 
of D-galactose, 2 pmoles of DPN, and 0 1 ml of DPNH oxidase were in- 
cubated m a total volume of 2 ml of 0 06 m KH2P04'Na2HP04 buffer, pH 
6 8, 10 2 Atmoles of oxygen were taken up and no CO 2 was produced when 
the sugar had disappeared 

The mitial product of oxidation appears to be n-galactono-y-lactone 
Under conditions similar to those described above, 119 pmoles of galac- 
tose were oxidized m 35 minutes at 30° and 4 76 /imoles of lactone were 
formed (calculated as galactono-y-lactone) After 90 imnutes of incuba- 
tion, when 19 2 jumoles of galactose had disappeared, 5 16 pmoles 0 
lactone were found When neutralized hydroxylamme was used as a trap- 
pmg agent for the lactone, a greater fraction of the oxidation product ap- 
pealed as hydroxamic acid, even though the rate of oxidation was greatly 
reduced In a mixture hke the one descnbed, but contaimng 100 
of neutrahzed NH 2 OH, 14 6 /mmoles of galactose were oxidized in 1 
minutes and 8 83 jumoles of hydroxamic acid were found 

The identity of the biologically produced lactone with n-galactono-T 
lactone was demonstrated by a comparison of the rates of both spontaneous 
and enzymatic hydrolysis of the two compounds, as will be shown in 
followmg section 


Enzymatic Hydrolysis of Galactono-y-lactone 

When either chemically piepared galactono-y-lactone or the product of 
the enz 3 matic oxidation of galactose was mcubated with cnide enzjnne 
preparations m Tns or bicarbonate buffers at pH 6 8, they were foun 
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disappear at a rate much greater than that of the spontaneous hydrolysis 
of these compounds 

^Tien 80 ^moles of authentic y-lactone were incubated at 25° with 0 8 
ml of crude enzyme m 4 ml of 0 1 m phosphate buffer at pH 6 8, about 60 
per cent of the lactone disappeared in 2 hours Under similar conditions, 
but in the absence of enzyme or with boiled enzyme, less than 10 per cent 
was decomposed That the product of enzymatic decomposition of the 
7 -lactone is galactomc acid was evident from the observations that poorly 
buffered reaction mixtures rapidly became acidic and that a large fraction 
of the product could be lactomzed again to galactono-y-lactone by heating 
mth N HCl In addition, the product of the reaction behaved identically 
with D-galactomc acid on chromatograms (Solvents 1, 2, and 3) 

The following experiment was devised to demonstrate the identity of 
galactono- 7 -lactone with the product of the enzymatic oxidation of galac- 
tose on the one hand and ivith the substrate for the delactomzmg enzyme 
on the other A reaction mixture contammg 240 /inioles of galactose, 1 2 
ml of crude enzyme, 12 /imoles of DPN, and 0 6 ml of DPNH oxidase m 
a total volume of 12 ml of 0 05 m phosphate buffer, pH 6 8, was mcubated 
aerobically on a shaker for 90 mmutes at 30° The mixture was chilled 
and treated with Amberhte IE-120 m the H form The protems were 
quickly removed by centrifugation, the supernatant fluid was cautiously 
adjusted to pH 6 8 with NaOH and agam clarified by centrifugation 
Analysis showed that 223 /nmoles of galactose had disappeared and 58 
/nmoles of lactone were present A control mixture was then prepared, 
contammg enzyme, DPN, DPNH oxidase, and the expected products of 
the reaction (17 /nmoles of galactose, 166 /nmoles of potassium galactonate, 
and 58 /nmoles of authentic galactono-y-lactone) This mixture was im- 
mediately deprotemized and neutrahzed The rates of spontaneous hy- 
drolysis at pH 6 8 and 8 and of the enz 3 matic hydrolysis at pH 6 8 of the 
lactones were then compared m the two samples (Table II) 

Conversion of Galactomc Acid 

With crude preparations, the rate of the phosphorylative reaction in 
which pyruvate is produced from galactonate could be doubled by prem- 
cubatmg the enzyme with galactonate before the addition of ATP In 
the presence of excess ATP, 1 mole of pyruvate was formed per mole of 
galactonate mitially added During the preincubation period, the disap- 
pearance of galactonate could be demonstrated by the progressive decrease 
in the intensity of the lij'^droxamic acid reaction when samples of the solu- 
tion were heated with n HCl and tieated with hydi oxylamme At the 
same time, the formation of an a-keto acid was eiadenced by the appear- 
ance of a substance which reacted with o-phenylenediamine and could be 
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decarboxylated witli cenc sulfate This compound did not form an ex- 
tractable hydrazone when treated by the method of Friedemann and Hau- 
gen (16) On chromatograms with Solvent 1, the new compound has an 
Rp value of 0 57 (Galactomc acid had an 72 p of 0 45 under the same con- 
ditions ) When sprayed with o-phenylenediamme-HCl and dried, it gives 
a yellow color with a greenish fluorescence m ultraviolet light After heat- 
ing at approximately 95°, the color changes first to a yeUow-green and then 
to red Alter standmg for several hours at room temperature, the color 
becomes violet In these color reactions, the compound resembles 2-keto 


Table II 

Spontaneous and Enzymatic Hydrolyses of Authentic and Enzymatically 
Prepared Galactonolactones 

The reaction mixtures contained 20 /tmoles of either lactone in a total volume of 
5 ml of 0 05 M phosphate buffer at pH 6 8 or 8 0, respectively For enzymatic h)' 
drolysis, 0 25 ml of crude enzyme was included in the mixtures at pH 6 8 which vere 
incubated at 30° The average values of the hydrolysis constant (1) under the 
specified conditions v ere computed from determinations on several samples of each 
mixture taken after various periods of incubation 


k = 



initial concentrati on of lactone 
concentration of remaining lactone 


) 



k 

Authentic 
galactono -7 lactone 

En2ymaticany 
prepaied lactone 

Spontaneous hydrolysis, pH 8 0 

0 29 

0 27 

“ ““68 

0 06 

0 06 

Enzymatic hydrolysis, pH 6 8 

0 28 

0 24 


3-deoxy-6-phosphogluconate (20) The amounts of keto acid produced 
were estimated with the o-phenylenediamme method (15), which was origi- 
nally standardized agamst values obtamed from the decarboxylation with 
ceric sulfate Later the method was standardized with the crystalliuG 
potassium salt of the keto acid The extmction coefiicient of the qumoxa- 
Ime denvative was found to be 5 58 X 10® cm - per mole at 330 ro/i 
least 90 per cent of the galactonate could be converted to keto acid after 
prolonged incubation The optimum pH for the reaction was found to 
be about 8 0, the rate falhng off to about two thirds of the maximal at 
pH 7 0 and 9 0 With crude extracts, the addition of magnesium 
mcrease the rate of reaction No lequirement for phosphate could 
demonstrated, since enzyme preparations dialyzed agamst bicarbona 
were stiU active when tested m Tris or bicarbonate buffer 
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Prepm ation and Charaetenzahon of Keto Acid 

1 gm of potassium galactonate was dissolved m 40 ml of solution con- 
tammg 126ml of 01m phosphate buffer, pH 7 6, and 8 ml of crude en- 
zyme The nuxtme was incubated at 30° for 12 hours, during which time 
appioxmiately 91 pei cent of the substrate was converted The solution 
was acidified and deproteimzed by passage through a column of Dowex 50 
in the H form and adjusted to pH 7 2 with a slurry of Ca(OH )2 Calcium 
phosphate was removed by centrifugation, the supernatant flmd was con- 
centrated m vacuo to 4 ml , and 20 ml of methanol were added A pre- 
cipitate (200 mg ), which formed overmght at 5°, was removed by centri- 
fugation (This precipitate, which contamed 163 mg of the keto acid, 
much of the unchanged galactonate, and other impurities, was later purified 
by chromatography and crystallization of the potassium salt of the keto 
acid ) An equal volume of dry ether was added to the supernatant liquid 
and the mixture was left overnight at 5° The precipitate which formed 
was centrifuged, washed with dry ether, and dried in vacuo The yield 
was 550 mg of the calcium salt (95 to 97 per cent puiity as Ca(C6H906)2) 
The calcium salt was redissolved, the solution was passed through a column 
of Dowex 50 m the H form, neutrahzed mth KOH, and concentrated to 
2 ml in vacuo A mixture of absolute ethanol and ether (1 1) was added 
until a faint turbidity appeared Crystalhzation of the potassium salt 
occurred overmght at 5° The crystals were collected by filtration, washed 
■with ether, and dried in vacuo The 3 aeld was 420 mg The crystalhne 
potassium salt stdl contamed a trace of galactonate, which could be de- 
tected by paper chromatography For some of the more critical analyses 
to be reported, the keto acid was further puiified by chromatography -with 
Solvent 1 and recrystalhzed several times as the potassium salt from solu- 
tions m 80 per cent methanol by the addition of ether Attempts to crystal- 
lize the free acid or the calcium salt were unsuccessful The sodium salt 
forms very small crystals The potassium salt decomposes ■with charrmg 
at 159-163° It does not lose weight when kept under a vacuum over P 2 O 6 
for several days at room temperature or for 2 hours at 110° Elementary 
analysis was as follows C, 33 27 per cent, H, 4 28 per cent (theoretical 
for KCeHgOe, C, 33 3 per cent, H, 4 17 per cent) 

Ceric sulfate decarboxylation 5 uelded 1 04 /imoles of CO 2 per /xmole of 
the compound, as determined manometncally (21) No CO 2 was liberated 
■with 4-aminoantipyrme, which decomposes jS-keto acids (22) The ultra- 
violet absorption spectium of the salt is ver 3 '^ smular to that of pyruvate, 
with a strong absorption below 290 mju and a shght shoulder ■with a maxi- 
mum at 330 mju (molecular extmction, 9 27 X 10^ cm ^ per mole at 330 m/x) 
The compound gives a famt purphsh color after 24 hours when tested vnth 
the cysteme-carbazole reaction (23) and no color ■with diphenylamme (24) 
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or cysteme and sulfuric acid (25) It gives a very faint pink color ■with 
the resorcmol reagent of Roe (26) and -with the tryptophan reagent of 
Cohen (27) after prolonged boding It reduces alkahne ferricyamde, 
according to the procedure of Schales and Schales (28) 1 pmole has a re- 
ducing po'wer equivalent to 0 78 jumole of glucose 
The compound forms a denvative "mth o-phenylenediamine •with an 
absorption maximum at 330 m/i typical of qumoxahne (molecular extmc- 
tion coefiScient, 5 58 X 10® cm ^ per mole at 330 mp) The semicarbazone 
(2) also has an absorption spectrum characteristic of a-keto acid deriva- 
tives "With a maximum at 250 m/i (molecular extinction coefl&cient, 1 01 X 
10^ cm ^ per mole at 250 mu) The highly purified compound can be 
lactomzed to some extent by boihng for 5 mmutes ■with n HCl After 
this treatment, ho'wever, only a famt color is obtamed m the reaction •with 
hydroxylaimne and ferric salts (14) (1 0 /imole gives a hydroxamic acid 

reaction eqmvalent to 0 09 Atmole of galactono-7-lactone ) 

When 6 nmoles of the compound -were mcubated ■with either 25 or 40 
jumoles of periodate at pH 1 6 m a total volume of 5 ml at 30°, 2 0 fimoles 
of periodate w'ere reduced per ^mole of substrate after 1 hour More peno 
date was subsequently reduced at a low rate (0 11 jumole per hour) At 
higher pH values, much greater rates of periodate reduction were observed 
and more periodate was consumed In aU cases, 1 0 jumole of formalde- 
hyde was produced per jumole of substrate initially added 
All of the above observations support the conclusion that the compound 
is a 2-keto-3-deoxyhexomc acid formed by the dehydration of galactonic 
acid m much the same manner that 2-keto-3-deoxy-6-phosphoglucomc acid 
IS produced from 6-phosphogluconic acid (2) The a-keto configuration 
IS supported by the reactions with ceric sulfate, o-phenylenediamme, and 
semicarbazide The occurrence of hydroxyl groups on the 3 terminal 
carbon atoms is sho-wn by the reduction of 2 moles of periodate ■with the 
formation of formaldehyde The stereochemical configuration about car- 
bon atoms 4 and 5 would be expected to be the same as that in galactose 
from ■s\"hich the compound is derived This expectation was justified by 
the followmg experiments, m which the biologically active compound has 
been synthesized from metasaccharm 


Chemical Synthesis of 2-Keto-3-deoxygalactonic and 
2-Keto-S-deoxygluconic Acids 

a-Hydroxy acids are kno^wn to be oxidized to the corresponding «-keto 
acids m acid medium ■with chlorate and vanadium pentoxide Thus, 
gluconate, galactonate, and 6-phosphogluconate are converted to 2'keto 
gluconate, 2-ketogalactonate, and 2-keto- 6-phosphogluconate, respec 
tively (29, 30) This method was used to oxidize metasaccharmic 
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deoxygalactoruc) and D-glucometasaceharinic (3-deoxygluconic) acids to 
tlie coiresponding a-keto deiivatives Crystalline metasaccharin (3- 
deo\y-D-galactonolactone) was prepared by a sbght modification of the 
method of Evans et al (31) 1 mmole of metasaccharm was dissolved m 

hot water, neutrahzed with 5 N KOH while hot, and made up to 1 ml 
volume 41 mg of KCIO3, 2 5 mg of VsOs, and 0 015 ml of phosphoric 
acid were added and the mixture was left at room temperature for 36 
horns The volume was made up to 10 ml with water and chlorate was 
eliminated by passmg a stream of SO 2 through the mixture The solution 
was next treated vnth Amberhte IR-120 m the H form, filtered, and aerated 
to remove excess SO 2 The pH was carefully adjusted to 7 5 with a slurry 
of Ca(OH )2 and the solution was left overmght at 5° Insoluble material 
was removed by centrifugation and the supernatant flmd was concentrated 
to 5 ml tn vacuo The calcium salt was precipitated and converted to the 
potassium salt by the procedure which has been described foi the crystaUi- 
zation of the 2-keto-3-deoxyhexonic acid obtained enzymatically The 
precipitate contained 263 /nmoles of the salt of the keto acid (computed as 
the potassium salt of 2-keto-3-deoxyhexonic acid) and 87 /imoles of potas- 
sium metasaccharmate The synthetic keto acid was mdistmguishable 
from the enzymatic product on chromatograms developed with Solvents 
1, 2, and 3 and sprayed with the o-phenylenediamme reagent Attempts 
to separate it from metasaccharimc acid by chromatography were not suc- 
cessful 

The glucose analogue of the keto acid was next piepared from gluco- 
metasaccharin A s 3 Tup of n-glucometasaccharm was prepared by the 
method of Sowden (32) This was treated with chlorate, 'V2O6, and H3PO4 
in the same mannei as metasaccharm and the potassium salt of the keto 
acid was precipitated as before When chromatographed with Solvent 1, 
the major product had the same Rp value and gave the same color reac- 
tions and fluorescence with the o-phenylenediamme reagent as the keto 
acid obtained from metasaccharm Another umdentified keto acid, with 
an Rp of 0 76, was also piesent The mixture was chromatographed and 
the glucose analogue of 2-keto-3-deoxygalactomc acid was eluted and con- 
verted to the potassium salt The product was contaminated with gluco- 
metasaccharmic acid, but no effort was made to separate the two The 
unpure synthetic compounds were next subjected to enz 3 Tnatic decomposi- 
tion m the presence of ATP The product obtamed from metasaccharm 
was cleaved, yielding 0 97 jimole of pyruvate per /imole of keto acid The 
analogous product obtamed from glucometasaccharm was inactive, but 
not inhibitory to the enzyme Neither of the parent saccharimc acids was 
attacked by the enz 5 nne These observations support the contention that 
the keto acid produced enzymatically from galactomc acid is 2-keto-3- 
deoxygalactonic acid 
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Decomposttion of 2-Keto-3-deozygalactonate 

1 pmole of pyruvate is produced per pmole of the crystaUine keto acid 
when the latter is incubated with enzyme and an excess of ATP Pyruvic 
acid was identified by its behavior in the Friedemann and Haugen reaction 
(specific toluene extraction) by paper chromatography (Solvent 1) and by 
the oxidation of DPNH in the presence of lactic dehydrogenase Gluco 
nate was not converted to keto acids m the presence or absence of ATP by 
enz 3 Tne preparations of galactose-grown cells 

In prehmmary experiments, evidence was obtamed that the other prod- 
uct of cleavage is n-glyceraldehyde 3-phosphate, smce DPN was reduced 
by the enzyme preparations m the presence of arsenate and cysteine, but 
not m the absence of these addition substances However, as had been 
shown previously, triose phosphate is rapidly decomposed by crude prepa- 
rations (1) In the followmg experiment triose phosphate was trapped 
with hydrazine and estimated with triosephosphate dehydrogenase 3 
Mmoles of potassium 2-keto-3-deoxygalactonate were mcubated with 10 
Mmoles of MgS 04 , 10 Mmoles of ATP, 15 Mmoles of neutrahzed hydrazme, 
and 0 3 ml of crude enzyme m a total volume of 3 ml of 0 02 m Tns 
buffer, pH 8 0, for 20 mmutes at 30° The reaction mixture was deprote- 
inized by treatment with Amberhte IR-120 m the H form and centrifuga- 
tion The hydrazone was decomposed by shaking with four successive 1 
ml portions of benzaldehyde Excess benzaldehyde was extracted with 
ether and the excess ether was removed by aeration Pyruvate and triose 
phosphate were determmed m different ahquots of the solution A portion 
was treated with crystaUme triosephosphate dehydrogenase m the presence 
of DPN , arsenate, and cysteme From the reduction of DPN, it could be 
calculated that 0 251 Mmole of tnose phosphate had been formed per 0 314 
Mmole of pyruvate This represents an 80 per cent recovery of the theo- 
retical amount of triose phosphate necessary to give all ratio In ^ 
parallel experiment, m which authentic n-glyceraldehyde 3 -phosphate was 
mcubated with the same enzyme, the same procedure gave a recovery of 
78 per cent 


DISCUSSION 

The sequence of the mitial enzymatic steps mvolved m the oxidation of 
galactose by P saccharophila is summarized m Fig 1 Reaction 1 r® 
sembles the dehydrogenation of L-arabmose to L-arabono-y-lactone, which 
has been descnbed for the same orgamsm While the same enzyme might 
catalyze both oxidations, there is good evidence that at least two diffcr®^^ 
enzymes are produced when the cells are grown with the two substrates 
Presumably, the furanose forms of the sugars are converted to the Y-lac 

® Doudoroff, M , and Contopoulou, R , unpublished 
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tones The galactose dehydrogenase activity is inducible and is not pies- 
ent in cells grovni vnth sucrose or D-arabmose As shown in Reaction 2, 
the 7-lactone is rapidly hydrolyzed by an enzyme, which may be identical 
wnth the delactomzmg enzyme which hydrolyzes L-arabono-7-lactone 
Preliminary experiments have shown that this enzyme is also an in- 
ducible enzyme In Reaction 3, galactonic acid is dehydrated to 2-keto- 
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Fig 1 Oxidation of D-galactose by P saccharophila 


3-deoxygalactomc acid The equihbrium is far to the right This reac- 
tion IS analogous to the dehydration of 6-phosphoglucomc acid and of 
D-arabonic acid by the same orgamsm (2, 5) The three enzymes are dis- 
tmct and the enzyme responsible for Reaction 3 will be designated galac- 
tonic dehydrase This enzyme, unhke 6-phosphoglucomc dehydrase, is 
not strongly inhibited by fluoride and is not present in cells grown with 
suciose, D-xjdose, or D-aiabmose Reaction 4 consists piobabl}'^ of at least 
two steps In the first step, 2-keto-3-deoxy'6-phosphogalactonate is the 
most hkely product of phosphoiydation The fact that 2-keto-3-deo\3'^- 
glucomc acid is not decomposed by the same preparations proves that no 
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Walden inversion at C 4 occurs before the phosphorylation At present, 
it IS impossible to decide whether or not the phosphorylated keto acid de- 
rivatives of gluconic and galactonic acids are interconvertible and whether 
only one 01 both of them can serve as a substrate for the ultimate aldolase 
reaction in which pyruvic acid and triose phosphate are produced The 
purifications of the hypothetical 2-keto-3-deoxy-6-phosphogalactomc acid 
and of the aldolase system are prerequisites to the solution of this problem 

It IS mterestmg that 6-phosphogalactonate, which is not the normal 
intermediate, is slowly split by the crude enzyme preparations Since 
this decomposition is inhibited by fluoride, it seems hkely that the com- 
pound IS either slowly converted to 6-phosphogluconate or dehydrated 
directly by 6-phosphoglucomc dehydrase, rather than attacked by the 
galactomc dehydrase described in the present paper 

SUMMARY 

The foUovmg reactions are carried out by cell-free extracts of Pseudo 
monas saccharopJnla grown with galactose (1) a diphosphopyridme nucleo 
tide-hnked oxidation of galactose to galactono-y-lactone, (2) the hydroly- 
sis of the lactone to galactonic acid, (3) the dehydration of galactomc acid 
to 2-keto-3-deoxygalactomc acid, (4) the reaction of the keto acid with 
adenosine triphosphate to yield pyruvic acid and n-glyceraldehyde 3 
phosphate 

2-Keto-3-deoxygalactomc acid has been prepared enzymatically and 
crystaUized as the potassium salt It has also been synthesized chemically 
from metasaccharm The glucose analogue has been synthesized and 
found to be enzymatically inactive 6-Phosphogalactonic acid is attacked 
at a low rate by crude enzyme preparations, but does not appear to be a 
normal intermediate m galactose metabohsm 
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AN UNIDENTIFIED IODINE COMPOUND FOKMED BY 
INCUBATION OF CELL-FREE PREPARATIONS OF 
TISSUE WITH IODIDE-1131* 


By ALVIN TAUROG, W TONG, and I L CHAIKOFF 

(Ft om the Department of Physiology of the University of California School 
of Medicine, Berkeley, California) 

' (Received for publication, December 18, 1956) 

In a pievious communication (1), we described the formation of a mono- 
lodotyiosine-containmg protein by various subcellular fi actions of thyroid 
tissue incubated in vitro with lodide-P®! The most active fraction was 
that contaimng the mitochondria and microsomes, and this fraction 
foimed, in addition to I^^i protem, an unidentified I^^i component which 
moved vuth the solvent fiont during filter paper chromatography This 
component is designated in our laboratoiy as Unknown 1 
More recently, we encountered another unknown I^^i component on 
oui filter paper chromatograms, which, in some cases, comprises more 
than 75 per cent of the I'^i added to the incubation medium This com- 
ponent, which we refer to as Unknown 2, does not separate from iodide 
when coUidine-water-ammonia is used as the chromatogiaphing solvent, 
and it was therefore not observed in our earlier work in which this solvent 
was the only one employed Unknown 2 was first observed when we 
began to use butanol-ethanol-NH40H as a chromatographing solvent, m 
addition to coUidine The presence of the new component Avas then con- 
firmed in other solvent systems, as described below By testing other 
animal tissues and their cellular fractions, we discovered that homogenates 
and extracts of rat submaxillary tissue are even more active than are thy- 
roid preparations in forming Unknown 2 Particulate fractions of mam- 
mal y and spleen tissue are also quite active 

In this communication, we describe the results of initial experiments 
designed to determine the nature of Unknown 2 and the factors which 
affect its foimation 


M ethods 

Sheep thyroids weie obtained at a local abattoir and tiansported to the 
laboratoiy in a Deivai flask packed with crushed ice Other tissues ivere 
obtained from Long-Evans rats, laised and maintained on Purina labora- 
toiy choAV 

Homogenization of Tissue — ^All tissues weie homogenized in a specially 

* Aided by a grant from the United States Public Health Service 
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constructed, stainless steel tissue press, designed to provide cellular dis 
ruption with a minimum of damage to cell nuclei (2) Tissues were chilled 
in an ice bath and minced with scissors before being transferred to the 
tissue press 7 gm of tissue were homogenized with 35 ml of I&ebs 
Rmger-bicarbonate buffer at pH 7 4 

Isolation of Subcellular Fractions — Differential centrifugation was used 
to separate the tissue homogenates into the following (1) a nuclear frac 
tion, (2) a mitochondrial-imcrosomal fraction, and (3) a soluble fraction 
The procedure employed was similar to that described previously (1) 
Most of the experiments were concerned with the mitochondnal-microso 
mal fraction, referred to heie as the “particulate” fraction 

The sedimented particulate and nuclear fractions were suspended in 
cold ICrebs-Rmger-bicarbonate buffer at pH 7 4 prior to incubation with 
Approximately 1 7 ml of buffer ivere added for each gm of oiiginal 
tissue, and a uniform suspension ivas attained by dispersing the matenal 
m the buffer ivith the aid of a Teflon glass homogemzer 

Incubation with — 2 ml portions of the whole homogenates or of the 
subcellular fractions were incubated in 10 ml glass-stoppered Erlenmeyer 
flasks with I^^^-iodide (10 to 20 ixc , purified by distillation) In some 
experiments, carrier iodide was added at a concentration of 10 or 25 7 per 
cent Inhibitors, when present, were added in 20 /xl of solution The 
air in the reaction flasks was replaced with 95 per cent O 2-5 per cent CO 2 , 
and the flasks were shaken in a constant temperature bath at 37° for 1 or 
2 hours ^ When anaerobic conditions were desired, the tissue homogeii 
ate and its subcellular fractions were suspended in Krebs-Ringer-bicar 
bonate buffer which had been saturated with 95 per cent N2-5 P^r 
CO 2 , and the air in the reaction flasks was replaced wuth the same gas 
mixtuie 

As each incubation flask was removed fiom the constant tempeiature 
bath, it ivas cooled in an ice bath, and 20 lA of 1 per cent thiouracil were 
added to stop lodination reactions 20 pd of the flask contents were then 
analj’’zed directly by filter paper chiomatography The presence of a 
small concentration of thiouracil (8 X 10“^ m) in the mixture to be chro- 
matographed mminuzed the occurrence of chromatographic artifacts (1) 
Chromatographic Analysis — The filter paper chromatographic procedures 
have been desciibed previously (1, 3, 4) All solvents used for chroma- 
tography ivere purified by distillation Freshly prepared chromatograp^^^ 
ing solvent vas used for the preparation of all chromatograms The 
in the various components was determined by cutting out the zones 

> When cjamde was used as an inhibitor, it i\as added to the reaction 
the air in the reaction vessels had been replaced ^vith 95 per cent 0. 5 per ccn 
This was done to avoid loss of cj'anide (as HCN) during the gas flushing procc 
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activity on the chiomatogiams and counting them directly in a well type 
scintillation countei The ladioactivity in each component was then 
expiessed as a peicentage of the total on the chromatogram This 
calculation neglected the small amount of ladioactivity (<5 per cent of 
the total) vhich was piesent in the aieas between those components visi- 
ble on the ladioautogiaphs 

Experiments with Sheep Thyroid Tissue Slices and Rat and Mouse Thij- 
loids Labeled in Vivo — A few experiments veie perfoimed in which the 
chiomatogiaphic techniques desciibed above weie applied to (1) sheep 
thyioid tissue slices incubated m Kiebs-Ringei -bicarbonate buffer con- 
taining I^^^-iodide, and (2) rat and mouse thyioids labeled in intro with 

J131 

200 mg of slices weie incubated in 2 ml of buffei foi 1 to 2 houis Af- 
tei the incubation, the slices vere sepaiated by filtiation, iinsed brie% 
in non-iadioactive RingeTs solution, and homogenized with 1 ml of bicai- 
bonate buffei containing appioximately 0 001 m thiouiacil 20 jul of the 
homogenate were applied to filter papei stiips foi chromatographic analy- 
sis 

Thyioids weie lemoved fiom lats and mice that had been injected with 
1131 1 to 7 houis pieviously In some of the animals, organic R^i formation 
was blocked bj'' a single injection of propylthiouracil The thyroid tissue 
was homogenized with bicaibonate buffei containing appioximately 0 001 
i\i thiouracil, 0 5 ml being used foi the lat thyioids and 200 jil for the 
pooled glands from two mice 20 of the homogenates were used foi 
filtei papei chiomatography The submaxillaiy glands in some of the 
mice were also homogenized with bicaibonate buffer and analyzed b}'’ 
filter paper chromatography 


Results 

Use of Different Chromatographing Solvents for Separation of Unknown 2 — 
Fig 1 shows a series of ladioautogiaphs of chromatogiams prepaied fiom 
a sheep thyroid paiticulate fi action that had been incubated foi 2 houis 
with iodide-I^^‘ (no cariiei added) A different chiomatographmg 
solvent was used foi the prepaiation of each chiomatogram Fig 1, 
a, shows the lesults obtained with the colhdme-watei -ammonia solvent 
The distiibution of on the chiomatogiam agiees essentially vith that 
repoited pieviously (1), namely, (1) a band foi P^i protein at the origin, 
(2) an unidentified band at the solvent front (Unknomi 1), and (3) a band 
foi iodide 

Fig 1, h to d, shows the lesults obtained with othei chromatogiaphing 
solvents These include (1) butanol-ethanol-2 n NH4OH, 100 20 40, (2) 
butanol-ethanol-watei, 100 20 40, and (3) propanol-0 15 x NH4OH, 
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100 50 In all of these solvents, the which in the collidme-water- 
NHs chiomatogiaphj^ system appeals to be a single band foi iodide, is 
spht into two bands These same two bands were obseived when the 
iodide band of the collidine chiomatogiam was cut out and lechiomato 
giaphed m butanol-ethanol-2 n NH4OH Conti ol expeiiments established 
that iodide alone gives onty a single band m the solvents used foi Fig 1, 


C0U.1DINE-WATER- 

AVftONIA 



BUTANOL ETHANOL- BUTANOL ETHANOL 

2N NH 4 OH WATER 


SF 

U-l 


SF 
364 U-l 





PROPANOL NHiOH 






u-2 132 


I 




104 


I 



333 


^ P c ^ 

Fig 1 Radioautographs of chi omatograms of a sheep thyroid particulate fraction 
that had been incubated foi 2 houis with I»3i-iodide A different chiomatographing 
solvent V as used in each case, as indicated The numbers alongside the bands de 
note the peicentage of the total on the paper present in the different components 
0, origin, I, iodide, U-l, Unknown 1, U-2, Unknown 2, S F , solvent front 

b to (I Theie can be little doubt, theiefoie, that a previously uniecog- 
nized component is formed during the incubation of the thyioid parti- 
culate fraction with and we have named this new component “Un- 
knowm 2 ” 

The quantitatn e distiibution of P®* on the chiomatogiams is indicated 
in Fig 1 b}'^ the numbeis w^hich appear beside each band Theie is fairh 
good quantitative agreement among the results obtained with different 
chromatogiaphing solvents, not only for Unknowm 2, but also foi the othei 
P^^ components on the chiomatogiam 

The peicentage of added (caiiiei-fiee) converted to Unknown 
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by thyioid paiticulate fiactions varied consideiably fiom one expeiiinent 
to anothci and appealed to be iiweisel 3 '^ related to the formation of 
protein In some cases, Unknown 2 comprised more than 75 per cent of 
the total on the chromatogram, but it was usually less than 25 per 
cent With a given sample of thyroid tissue, the formation of Unknovm 
2 vas quail titativelj'- lepioducible 

Foi matron of Unf noton 2 by Thyroid Nuclear and Soluble Fractions, by 
Thyroid Tissue Sliees, and by Intact Thyroids — T^Tiole th 3 '-ioid homogenates 
displayed laiiable activity m forming Unknown 2 from added iodide 
In some expeimients, more than 25 per cent of the added I^^^ vas converted 
TO Unknown 2 b 3 ’’ sheep th 3 noid homogenates, but usually the conversion 
was much less The nuclear fraction of th 3 uoid tissue w^as ielativel 3 ^ 
inactne, and the soluble fraction w'as completely inactive All of the 
activit 3 ’- of the w'hole homogenate, therefore, could be accounted for b 3 ’^ 
the particulate fraction 

'\Wien sheep th 3 noid tissue slices w'eie incubated rn vitro wnth lodide-I*^*, 
onl 3 '^ a very small fraction of the added I'^^ (less than 2 pei cent) w^as con- 
ceited to Unknow'ii 2 Rat or mouse th 3 noids, labeled in vitro with 
did not contain an 3 ’- detectable Unknowm 2 This w^as tiue both for propyl- 
thiouiacil-blocked and -unblocked glands Moi cover, Unknowm 2 could 
not be detected in mouse submaxillaiy tissue, m which, in some instances, 
the concentration of lodide-I'^’^ wms more than 20 times that of the plasma 
level 

Formation of Unknown 2 in N on-Thyroid Tissues — ^Vhole homogenates 
and subcellulai fractions of seveial non-th 3 uoid tissues were tested for 
then ability to form Unknowm 2 These tissues, all obtained from adult 
rats, included submaMllai3q lactating mammary, spleen, liver, and kidney 
The lesults obtained wnth the particulate fractions are showm m Fig 2 
Rat submaxillaiy was the most active, and kidney the least active, of all 
the tissues tested 

It IS of paiticulai mteiest that the soluble fi action of submaxillaiy wms 
even moie active than the particulate fraction m foiming Unknown 2 
The soluble fi action of all other tissues, mchidmg the thyroid, was coin- 
pletel 3 '- inactive 

Formation of Unknown 2 As Function of Time — Time cuives for the 
f 01 matron of Unknown 2 m th 3 uoid and m sahvar 3 '' tissue are showm in 
Fig 3 Twm sepal ate cuives are illustrated for th 3 uoid particulate frac- 
tions One curve wms obtained with an extiemety active preparation, 
the other wnth a model at el 3 '’ inactive preparation 

Cuives for both the particulate and the soluble fractions of submaxillar 3 ^ 
tissue aie also showm m Fig 3 The activit 3 '^ displa 3 md b 3 '^ these fractions 
IS t 3 '^pical of the results of several different experiments 




O'- 98 0 — — 121 0 98 0 08 0 02 

Fig 2 Radioautographs of chromatograms of particulate cell fractions that had 
been incubated with earner-free I*“*-iodide for 2 hours The particulate fractions 
uere deiived from various rat tissues, as indicated Solvent, butanol-ethanol 2 
KH4OH See Fig 1, legend, for an explanation of numbers and symbols 



iO 30 60 120 180 

MINUTES 

Fig 3 Time cuives showing formation of Unknowm 2 by subcellular fractions 0 
tissue incubated with No iodide earner w'as added to the thyroid parlicula c 
fractions, but 25 7 per cent of iodide were added to the salivary fractions The two 
thjroid preparations were derived from different groups of sheep and illustrate cs 
tremes of actnuty 
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Effect of Inhibitors on Formation of Unknown 2 — The results in Table I 
demonstrate that the foimation of UnknoAAui 2 is readily inhibited by the 
same agents which interfere Avith organic iodine formation in thyroid tissue 
slices (5, 6) Thiouiacil, thiocyanate, thiosulfate, and cyanide were all 
maikedlj'^ inhibitory, and anaerobic conditions, too, had a definite inhibi- 
toiy effect Since all of these agents are known to interfere Avith the 


Table I 

Effect of Inhibitors on Formation of Unknown 2 


Tissue preparation 

Incu 

bation 

time 

Treatment 

Iodide 

1 earner 
added to 
incubation 
medium 

Formation of 
Unknown 2 
as per cent 
of control 

Control 
value for 
Unknown 2 
formation 


hrs 


7 per JOO ml 


per cent of 
Mai /wi 

Thyroid particulate 

1 

Ni atmosphere 

0 

24 

14 7 

it (t 

2 

tt ti 

10 

27 

14 6 

t( tt 

2 

10“^ M thiouracil 

10 

2 

14 6 

(( it 

2 

10“^ M thiocya- 
nate 

10 

4 

14 6 

it it 

2 

10~’ M thiosulfate 

10 

3 

14 6 

it a 

2 

10-3 “ cyanide 

10 

5 

14 6 

it it 

2 

Heated at 100° for 

1 5 mm 

10 

5 

14 6 

Salivary “ 

2 

10“’ M thiouracil 

0 

0 

72 8 

{{ « 

2 

Heated at 100° for 

1 min 

25 

0 3 

34 6 

“ soluble 

■■ 

Nz atmosphere 

0 

13 

76 4 

(< a 

■ 

Heated at 100° for 

1 min 

25 

0 2 

81 4 

Lactating mammary 
particulate 

B 

Nz atmosphere 

0 

87 

53 1 

it it 


ft ft 

500 

38 

9 0 

it it 

2 

10“’ M thiouracil 

0 

0 

53 1 

it it 

2 

Heated at 100° for 

5 min 

0 

0 

54 7 


oxidation of iodide, it appears reasonable to conclude that oxidation of 
iodide IS a necessary prehminary step in the formation of Unknown 2 

Tissue prepaiations which were heated at 100° for 1 to 2 nunutes com- 
pletely lost their abihty to foim Unknown 2 (Table I) This indicates 
that tissue enzymes are most hkely involved m the formation of this un- 
known compound 

Elution of Unknown 2 from Filter Paper Chromatograms — Samples of 
I*®*-labeled Unknown 2 Avere obtained by cutting out the zones of the 
chromatogram coriesponding to this compound and eluting it from the 
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paper Elution with isotonic NaHCOs was quantitative and yielded a 
solution which, when rechromatographed, showed that the compound had 
not been essentially altered However, inorganic iodide, amounting to 
10 to 20 per cent of the total was usually present in the eluates The 
presence of iodide m the eluates suggested that XJnknovui 2 is quite labile 
Other elution solvents were tiied, but none pioved more satisfactorj^ than 
NaHCOs 

Experiments mth Eluates of Unknown 2 — Since only minute quantities of 
Unknown 2 weie available, it was necessary to depend entirely upon 
chromatography to deterimne the effect of various agents on this com- 
pound Eluates of the compound were treated in various ways and then 
rechromatographed to determine the effect of the treatment An un- 
treated sample of the eluate was always chromatographed for comparison 

It appeared that Unknovm 2 imght simply be an oxidized form of inoi- 
ganic iodine, and the first experiments consisted of attempts to reduce the 
compound to iodide with various reducing agents As shown in Table II, 
reducing agents such as thiosulfate, sulfite, arsemte, and thiouracil had 
very httle effect on Unknown 2, even after incubation for 2 hours at 37 
in bicarbonate solution 

The effects of acid and alkali were tried next, and it was observed that 
Unknown 2 is extremely labile in acid, even at pH 5 As shown in Table 
II, treatment at pH 5 for only a few minutes resulted in almost complete 
destruction of the compound I'^'-iodide was the only radioactive product 
formed ^ Treatment with strong alkali (approximately 0 3 N NaOH), 
on the other hand, had no effect on Unknown 2 

The effect of pH on Unknown 2 is illustrated m Fig 4 The data were 
obtained by diluting samples of Unknown 2 eluate with buffers (10 vol- 
umes) of different pH Each diluted sample was incubated for 1 hour 
at 37° and then rechromatographed, after the addition of alkali The 
amount of Unknown 2 remaining was compared with that present m the 
untreated eluate It is appaient from Fig 4 that Unknown 2 is relatively 
stable above pH 7, but that below pH 5 its I^®^ is readily converted to 
inorganic iodide 

When eluates of Unknown 2 were heated at 100° for an hour, approx' 
mately 50 per cent of the I'^^ was converted to inorganic iodide (Table Ilj 
The compound is, therefore, fairly heat-labile . , 

Inorganic iodide in high concentration (12 5 mg per cent) was ad e 
to an eluate of Unknomi 2 to determine whether there was any exchange 

= It should be pointed out that elemental iodine would also have 

as iodide on our filter paper chromatograms, since the solvent used does not sep 
iodide from iodine Howe\ei, the presence of appears to be ewludec 
evtraction results desenbed below 
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Table II 

Treatment of Unknown 2 with Various Agents 

Per cent of initial 


Tissue source of eluate Treatment Unknown 2 

remaining 


Thyroid particulate 5 X 10 ^ M thiouracil, 37°, 2 hrs 94 

“ “ 5 X 10-3 » thiosulfate, 37°, 2 hrs 96 

“ “ 5 X 10-3 .. sulfite, 37°, 2 hrs 93 

“ “ 12 5 mg % iodide, 37°, 2 hrs 100 

“ “ pH 5 3, 37°, 10 mm 2 

“ “ " 1 6 , 20 °, 10 “ 2 

“ “ 0 3 N NaOH, 37°, 2 hrs 100 

“ “ Heated 100° for 1 hr 37 

Salivary “ 5 X 10-3 thiouracil, 37°, 2 hrs 94 

“ “ 5 X 10-3 “ thiosulfate, 37°, 2 hrs 92 

“ “ 5 X 10-3 » arsemte, 37°, 2 hrs 98 

“ “ 12 5 mg % iodide, 37°, 2 hrs 68 

“ “ pH 4 4, 20°, 2 min 5 

“ “ “ 16, 20°, 2 “ 5 

“ “ 0 3 N NaOH, 37°, 2 hrs 99 

“ “ Heated 100° for 1 hr 43 

“ “ Pancreatm (10 mg per ml ), 37°, 24 92 

hrs 

“ “ 1 5 % HaOj, 37°, 1 5 hrs 32 


Eluates of Unknown 2 from paper chromatograms were treated with various 
agents in bicarbonate solution and then lechromatographed 



46 50 54 58 62 66 70 74 78 82 86 


pH 

Fig 4 Effect of pH on eluate of Unknown 2 Portions of the eluate i\ ere diluted 
with 10 volumes of buffer, incubated for 1 hour at 37°, alkalized, and then rechro- 
matographed to determine what fraction of the original Unknown 2 remained 
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between iodide and the in the unknonm compound The concentra- 
tion of stable iodine in the unknown, although not deteimined, was proba- 
bly much less than 0 1 per cent of that of the added iodide, thus favonng 
the conversion of to iodide by exchange As shown m Table II, the 
results iveie variable In one experiment, no exchange occurred, but, in 
another, there was a small degree of exchange In no case, however, was 
any large degree of exchange observed 
The addition of pancreatm (10 mg per ml ) to an eluate of TJnknomi 2 
had very httle effect (Table II) However, pancreatm did have a pro 
nounced effect when added to a tissue preparation containing Unknomi 2 
Most of the I^®^ present as Unknoivn 2 in an incubated thyroid particulate 
fraction was converted to inorgamc I*^* after incubation of the sample 
wnth pancieatm The deiodinating action of pancreatm under the latter 
conditions wms not further investigated 
Treatment of an Unknown 2 eluate with 1 5 per cent hydiogen peroude 
(in bicaibonate solution) converted an appieciable part of the P®' (20 per 
cent) to lodate The latter appeared as a band immediately above the 
origin (jKf 0 05 in butanol-ethanol-2 n NH 4 OH) There wms also a heavy 
band for P®^-iodide on the chromatogiam Only 32 per cent of the ongi- 
nal Unknown 2 lemained after 1 5 houis of mcubation at 37° (Table II) 
Exiractahihty of Unknovm 2 — Eluates of Unknown 2 , both in bicarbonate 
solution and in acid solution, were shaken wnth equal volumes of chloro- 
form 01 carbon tetrachloride Distribution ratios were determined by 
counting the I^^^ m the aqueous and organic phases The P®^ in Unknown 
2 was not extracted by these solvents, even from acid solution Tins 
finding appears to exclude the possibihty that the I”' in Unknown 2 is 
present in the form of elemental iodine (^ e an I 2 complex) 

Distribution tests were also made with butanol as the organic solvent 
In this case, the distribution ratio was 5 1 in favor of the aqueous phase 
P^‘-iodide under the same conditions (NaHCOs solution) gave a distribu- 
tion ratio of 9 1 in favor of the aqueous phase 

DISCUSSION 

The umdentified I^^^ component (Unknown 2) described in this com- 
mumcation is not an artifact of chromatography It has been detecte 
with many different chromatographing solvents, both neutral and am- 
moniacal The neutral solvents included butanol-ethanol-water, butano - 
dioxane-water, butanol-water, and propanol-wmter The ammonia^ 
solvents included butanol-ethanol-NH 40 H, butanol-dioxane-NIPOH, 
propanol-NH40H, and butanol-pyndme-wmter m an ammonia atmosphere 
Unknowm 2 has also been detected by paper electrophoresis (Fig 5) 

We have assumed that the same unidentified P®' component is forme 
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bjf the paiticulate fi action of all the diffeient tissues studied heie because 
this component has neaily the same Rp value (m butanol-ethanol-2 n 
NH4OH) no mattei what its souice Furtheimoie, in the case of thyroid 
and sah\miy tissue, the behavioi of eluates of the unknown compound 
towaid vaiious agents is essentially the same 

The following evidence indicates that the foimation of Unknoivn 2 by 
homogenates and subcellulai fi actions of tissue depends on tissue enzymes 
(1) Otheiwise active tissue piepaiations, exposed to a temperature of 100° 


THYROID 
particulate: 
fraction 

ORIGIN U-2 T- 

SUBMAXILLARY 
SOLUBLE 
FRACTION 

Paper Electrophoresis Pattern 

Fig 5 Radioautograph of paper electrophoretigram shoeing distribution of 
in thyroid particulate and submaxillary soluble fractions incubated for 90 minutes 
Mith I“i -iodide Unknown 1 and -protein remained at the origin Conditions 
of electrophoresis Whatman No 1 filter paper, 0 05 Ji Veronal buffer, pH 8 6, 495 v , 
5 ma , 60 minutes duration 

foi 1 minute, weie completely inactive (2) No Unknown 2 appealed 111 
tissue pieparations to which was added immediately after, instead of 
before, incubation 

Tissue enzymes concerned with oxidation appeal to be involved in the 
foimation of Unknovm 2 This is indicated by the nature of the agents 
and conditions winch inhibit the foimation of this compound Anaeiobic 
conditions and the piesence of 10~* m cyanide weie mhibitoi}^ Also, the 
leaction is inhibited by those agents Avhich aie knovm to mterfeie vuth 
the oxidation of iodide by intact thyroid tissue, eg thiouiacil and thio- 
sulfate The oxidative step involved m the foimation of Unknomi 2 
IS most hkelj'- leqmred foi the oxidation of iodide, since othennse it is 
necessary to conclude that some other compound is oxidized and is then 
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able to bind inoiganic iodide m some maiiiiei The lattei possibilitj 
appears to be excluded by the finding (Table II) that the in UnknoiMi 
2 does not exchange with a laige excess of inorganic iodide 

Although the identity of Unknown 2 lemaiiis to be deteimiiied, the 
following statements legarding its chenucal nature appeal to be justified 
at this time (1) It is not simply an oxidized foim of inorganic iodine, i e 
T, hypoiodite, oi lodate Elemental iodine (U) and hypoiodite are con 
\erted to inoigamc iodide by treatment with thiouracil oi thiosulfate 
in bicaibonate solution, wheieas Unknown 2 is unaffected under these 
conditions (Table II) Moreovei, the iff values (in butanol-ethanol'2 x 
XH4OH) of hypoiodite^ (0) and lodate (0 05) do not agiee with that of 
Unknov n 2 (0 5 to 0 6) (2) The fact that Unknown 2 is so leadily coii- 

\erted to inorganic iodide bj'’ weak acid (pH 5) almost certainly lules out 
the possibility that it contains a C — I bond The finding that it is so labile 
in acid, yet stable in alkali, would also seem to lule out a sulfenyl iodide 
Compounds of the lattei type, lecently pioposed by Fiaenkel-Conrat 
d‘> possible intei mediates m the lodination of piotem (7), would be expected 
to be even more unstable in alkah than in acid (3) Unknown 2 does not 
appeal to be a complex involving elemental iodine, since its is not 
exti actable nith chlorofoim, even aftei acidification 
Zingaro et al (8) studied the leaction between elemental iodine (I 2 ) aii>^ 
the hetei ocychc amines, pyi idine and quinoline They postulated that a re- 
action of the following tj'^pe maj'’ occur Pyiidine + I 2 — > Pyiidine 1+ + I 
The complex, Pyiidine 1+ (Py I+), supposedly contains unipositive iodine 
(U) attached to the ring mtiogen This gioup of investigatois also de 
sciibeda senes of compounds (9) m which unipositive iodine is apparently 
stabilized by cooidination with pyiidine or quinoline, compounds of the 
type Pyl+X and QuI’^X Such compounds nught be expected to be par- 
ticularly unstable in acid because of the competition between hydrogen 
10 ns and 1+ foi the free pan of elections on the mtiogen The striking 
acid instabihty of Unknown 2 leads us to suggest that it, too, may contain 
unipositive iodine attached to the mtiogen of one of the vanoiis oiganic 
bases known to be present in tissue Howevei , it is evident from Pig 5 


’ A solution containing I^*‘-hypoiodite was piepared as follows Ii®‘-iodide I'ss 
oxidized uith lodate in acid solution, and the I 2 ’” which uas produced was e\tracte 
into chloroform The chloroform solution was u ashed uith water and then sha cn 
with 0 15 M NaHCOj The NaHCOj extract, which contained about two 
the original presumably contained part of its as h 5 T)oiodite, according to > 
reaction 1; -|- H.O — » HI -p HIO Chromatography of the NaHCOs extract reicn^^^ 
bands for iodide and lodate and, in addition, a band at the origin The httcr w-i^ 
not present if the NaHCOj solution was first treated with thiouracil, 
assumed to be due to Inpoiodite The lodatc most likelj arose from h}poio i c ' 
the reaction 310 — > TO 3 + 21 
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that at pH 8 6 UnknoAvn 2 behaves as an amon, moving m the same direc- 
tion as iodide If indeed, therefore. Unknown 2 contains positively charged 
iodine attached to nitrogen, then this must be counteracted by acidic 
groups m the rest of the molecule to make it behave as an amon 

The biological significance of Unknown 2, if any, remains to be deter- 
mined It does not appear to be involved in the normal iodine metabo- 
hsm of the thyroid, since it is not observed in the thyroids of rats or mice 
injected with I^^^ Its formation in the thyroid particulate fraction appears 
to be inversely lelated to the foimation of 1“^ protein, thus suggesting a 
competitive reaction rather than an intermediate step m the lodination of 
tyrosine It is not involved in the iodide trap since it is not observed m 
propylthiouiacil-blocked rat or mouse thyroids, or in mouse sahvary glands, 
all of which actively concentrate inorganic iodide 

The assistance of Di G D Potter in the early phases of this work is 
gratefully acknowledged 


SUMMARY 

1 Whole homogenates and subcellular fractions of thyroid, submaxil- 
lary, mammary, spleen, hver, and kidney tissue were incubated with I^^^ 
iodide The nature of the compounds formed during the incubation 
was investigated by filter paper chromatography 

2 The particulate fraction (imtochondna and microsomes) of all tissues, 
except kidney, converted an appreciable part of the added I^” to an un- 
known I^^i-contaimng compound, designated here Unknown 2 

3 The soluble fraction of sahvary tissue was the most active prepara- 
tion tested, converting as much as 90 per cent of the added I^®^ to Unknown 
2 m 1 hour The soluble fraction of all other tissues was inactive 

4 The formation of Unknown 2 depends upon tissue enzymes The 
reaction is markedly inhibited by anaerobic conditions, as well as by 
thiouracil and thiosulfate, indicating that oxidative enzymes are involved 

5 Very dilute samples of Unknown 2 were obtained by eluting the 
appropriate sections of filter paper chromatograms with sodium bicar- 
bonate solution Tests carried out on such eluates revealed that Unknown 
2 is rapidly destroyed in acid solution, even at pH 5 0 In alkahne solu- 
tion, however, it is stable Results of other chemical tests are also re- 
ported 

6 The chemical findings are discussed with reference to possible struc- 
tures for Unknown 2 
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ACTIVATION OF THE lODINATING SYSTEM IN SHEEP 
THYROID PARTICULATE FRACTIONS 
BY FLAVIN COFACTORS* 
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In an eailiei report (1), we described the preparation, from sheep thy- 
loid glands, of a particulate fraction consistmg primarily of imtochondria 
and microsomes, which, when incubated with carrier-free radioactive 
iodide, converted as much as 30 per cent of the added I^®^ to labeled lodo- 
protein This thyroid particulate fraction differed from the ceU-free 
thyroid preparations used by other ivorkers (2, 3) m the following respects 
(1) it was active in the absence of added tyrosme and oxidizing agents, 
and (2) the major pioduct formed was lodoprotem, not free lodotyrosme 
In experiments in which the iodine metabolism of the particulate frac- 
tion was compaied with that of thyroid slices, it was observed that the 
particulate preparation had a much lower capacity to utilize added carrier 
iodide, moreover, lodination by the particulate fraction led to the for- 
mation of an lodinated protein containing I^®^ almost exclusively in the 
form of monoiodotyrosme, whereas the lodinated protein formed hy the 
shce contained almost as much I'^L(iuodotyrosme as I^^Lmonoiodotyrosine 
The present report deals Avith our attempts to enhance the lodinating 
activity of the thyroid particulate fi action It ivas found that the capacity 
of the particulate system to convert added iodide to lodoprotem could 
be greatly increased by adding flavin cofactors oi by increasing the pH 
of the incubation medium, but m both instances the neivly formed lodo- 
piotem still contamed I^^^ almost exclusively in the form of monoiodoty- 
losme 


EXPERIMENTAL 

Preparation of Particulate lodinating System — Fresh sheep thyioid 
glands weie obtained at a local abattoir Considerable variation was 
noted in the sizes of the glands, but those selected for study ranged fiom 
1 3 to 1 8 gm pel lobe During the 2 to 3 hours reqmred for transporting 
them to the laboiatoiy and piepaiing them for incubation, the glands 
weie kept ice-cold eithei in crushed ice oi m ice-cold buffer solution The 
glands were fieed of extraneous tissue, imnced with scissois, and then 

* Aided by a grant from the United States Public Health Service 
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homogenized in a stainless steel homogemzer devised in this laboratory 
(4) 7 gm of minced tissue were homogenized with 35 ml of the ice-cold, 

calcium-free buffer, pH 7 4, described below This homogenate was 
centrifuged for 10 minutes at 600 X g and at 0° The resulting superna- 
tant liquid was removed and centrifuged at 70,000 to 100,000 X in a 
Spinco model L centrifuge for 30 minutes The sedimented pellet of partic- 
ulate material was dispersed in 12 ml of buffer with the aid of a Teflon 
glass homogemzer 

Buffer Solutions — The buffer solution used in the homogenization of 
the thyroid glands and the incubation of the isolated particulate material 
was a ICrebs-Ringei -bicarbonate buffer in which the 0 11 m CaCU solution 
was replaced by an equal volume of 0 9 per cent NaCl This modification 
pi evented the precipitation of insoluble calcium salts in the experiments 
carried out under alkaline conditions For the experiments m which the 
effect of varyung pH was studied, the tissue was first homogenized in a 
buffer of pH 7 4, and the particulate material thus isolated was then sus- 
pended and incubated in a buffer at the desired pH 

The buffer solutions were gassed with pure O2 or with a mixture of 95 
per cent O2 and 5 per cent CO2 For anaerobic experiments, the buffer 
was gassed with either N2 or a mixture of 95 per cent N2 and 5 per cent 
CO2 The use of the gas mixtures containing CO2 had no consistent in- 
fluence on the activities of the tissue preparations, provided the proper 
pH adjustments were made before the buffers were used 

Incubation Procedures — 2 ml portions of the suspensions of paiticulate 
material were placed in 10 ml glass-stoppered Erlenmeyer flasks 5 jil 


of solution containing 2 7 of carrier iodide were added to give a concen- 
tration of 100 7 per cent Then 5 to 26 mc of radioiodide, purified by 
distillation (1), were added in 5 to 10 jul of solution Substrates, inhibi- 
tors, and coenzymes^ were added m 5 to 20 /il of solution The flasks 
were kept m an ice bath until the incubation mixtures were assembled^, 
they were then placed in a Dubnoff metabohc incubator shaker at 37 
and agitated gently for 2 hours At the end of the incubation period, 20 
of 1 per cent thiouracil solution were added to each flask to stop the reac- 


tion Portions of the flask contents were then analyzed directly by paper 
chromatography, both before and after hydrolysis with enzymes The 
enzymatic digestion procedure has been described elsewhere (1) 

Chromatographic Analysis — The paper chromatographic procedures 
used here were essentially the same as those described elsewhere ( ) 
Chromatograms of the incubated reaction mixtures weie developed mos y 


• The folloi\ing abbreviations are used DPN for diphosphopyndine 
ATP for adenosine triphosphate, FAD for flavin adenine dinucleotide, Fi 


flavin mononucleotide 
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in the butanol-ethanol-2 n NH4OH solvent mixture of Tauiog et al (6) 
Such chiomatogiams piepared from thyioid paiticulate material incubated 
with geneiall}'' showed the piesence of four majoi lodme-contammg 
components (Fig 1) The unidentified components U-1 and U-2 aie 
discussed in the accompanjnng report (7) The I'^'-contammg material 
at the oiigin of the chiomatogiams is lodinated protein, which may or may 
not be related to the characteristic thyi oglobuhn of the thyroid 
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Fig 1 Effect of pH on utilization by the sheep thyroid particulate fraction 
Radioautographs of chromatograms (butanol ethanol-2 n NH4OH) prepared from 
particulate preparations incubated for 2 hours in the presence of 100 y per cent la 
beled iodide The numbers on the right of each radioautograph shoiv the percent- 
ages of the total on the chromatogram present in the various components 0, 
origin, I, inorganic iodide, U-2, unidentified component 2, U-1, unidentified compo 
nent 1, SF , solvent front 

The distribution of radioactivity among the labeled components of a 
chromatogram was determined by cutting up the chromatograms and 
assaying the vaiious sections for by means of a veil type scintillation 
detectoi The lesults aie reported below as percentages of the total 
found on each chromatogram 


Results 

Influence of pH of Incubation Medium on Iodide Utilization — The ladio- 
autogiaphs of Fig 1 show the effect of varjnng pH on utilization by 
the sheep thjaoid particulate system incubated vnth 100 t pei cent of 
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added iodide cairier With ascending pH, inci easing amounts of 
weie incoiporated into protein The maximal incorpoiatioii occuried 
at approximately pH 10 

Su'p'plem.entahon of Particulate lodinating System — In attempts to 
augment the utilization of radioiodide by the particulate system at physi 
ological pH, the effects of the addition of various coenzymes and substiates 
veie investigated Because previous studies (1) had indicated a lequire 
ment for aerobic conditions, the coenzymes and substrates chosen to sup- 
plement the particulate fi action were those known to function m respiia- 
tory metabolism The results presented in Table I show that the addition 
of cytochrome c, ATP, or the Krebs cycle intermediates, citiate and 
succinate, did not influence significantly the utilization of radioiodide 


Table I 

Supplementation of Sheep Thyroid Particulate Preparation 
2 hour incubations at pH 7 4 in the presence of 100 y per cent labeled iodide 


Material added 

Per cent of total recovered as 



Protein 

Iodide 

U2 

U1 

None 

8 2 

46 6 

35 5 

9 9 

5 X 10~^ M cytochrome c 

7 4 

50 9 

35 1 

6 5 

5 X 10-4 <1 DPN 

9 1 

12 7 

43 0 

35 5* 

5 X 10-4 « A.TP 

7 8 

43 8 

38 4 

9 5 

5 X 10-4 “ cytochrome c -f- 10-^ M succinate 

9 5 

41 9 

39 5 

9 1 

5 X 10-4 « « « ^ 10-2 « citrate 

8 9 

46 0 

38 0 

7 0 


* This value includes the present in another unidentified component that ap 
peared just below U-1 


DPN, on the other hand, did seem to bung about increased ladioiodide 
utilization, however, instead of forming labeled piotein, the was in- 
coipoiated into a new component that appeared below U-l on chiomato- 
giams The identity of this component has not yet been established 
Activation hy Flavin Coenzymes — It was obseived that, at pH 7 to 8, 
the utilization of radioiodide by the particulate system was markedly 
augmented by the addition of FMN Some of the lesults are presented 
in Table II Although theie was considerable variation in control values 
foi I*^^ utilization, when the lesults of each experiment are examined on 
the basis of the control values for that experiment, it can be seen that 
even 5 X 10“^ m PMN had definite stimulatory effects on utilization o 
ladioiodide and foimation of protein-bound I^^^ Similar results iierc 
obtained iihen the FMN vas replaced with either FAD oi riboflavin 
The cuive of Fig 2 shows the effects of incieasing concentrations of Fi ^ 
on the foimation of labeled lodopiotein 
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Table II 


Flavin Activation of Utilization by Sheep Thyroid Particulate Preparation 
2 hour incubations in the presence of 100 y per cent labeled iodide 


Experiment 

No 

pH of 
incubation 

Flavin added 

Per cent of total recovered as 

Protein 

Iodide 

U2 

U-l 



None 

7 4 

52 8 

31 0 

8 7 

1 

7 4 

2 X 10-^ M FAD 

16 2 

21 2 

36 8 

25 7 



2 X 10-^ “ FAD* 

0 9 

99 1 

0 

0 



5 X 10-* “ FhlN 

22 8 

16 5 

40 5 

20 2 



None 

5 0 

45 4 

44 0 

5 4 

2 

7 4 

5 X 10-< M FMN 

16 4 

16 4 

55 4 

11 9 



5 X 10-^ “ “ 

15 3 

15 3 

56 4 

12 9 



5 X 10“^ “ riboflavin 

14 9 

17 5 

54 4 

13 1 


1 

None 

12 8 

78 1 

2 2 

6 8 

3 

8 0 

5 X 10-6 M fmN 

59 9 

10 5 

10 7 

18 7 



5 X 10-6 « " * 

0 6 

98 2 

1 1 

0 1 



None 

20 8 

17 0 

49 7 

12 3 

4 

8 0 

5 X 10-6 ji FMN 

42 5 

9 0 

32 8 

15 7 



5 X 10-6 « « ♦ 

1 1 

94 9 

3 7 

0 4 



5 X 10-6 « riboflavin 

35 0 

9 8 

36 7 

18 3 


* The particulate preparation was immersed in a boiling water bath for 1 5 min- 
utes, then radioiodide and flavin were added for the incubation 



Fig 2 Influence of varying concentrations of added FMN on the formation of 
protein-bound I*’' by the thyroid particulate preparation incubated at pH 8 8 for 2 
hours in the presence of 100 y per cent labeled iodide 

Although it seemed unhkely that the flavin compounds could effect a 
diiect oxidation of iodide, the following expermients w'ere conducted to 
determine whether the iodine utilization b}"- the FMN-supplemented 
particulate system was enzymatic in nature (1) Samples of the particulate 
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preparations were adjusted to pH levels of 7 4, 8 5, 9 0, and 10, rmmersed 
in boiling water for 1 5 minutes, and then incubated with 100 7 per cent 
of labeled iodide and 5 X 10“^ m FMN (2) Samples of the “soluble 
fraction” from sheep thyroid tissue (75,000 X g supernatant extract), 
containing most of the tissue protein, were incubated with added and 
5 X 10“® M FMN (3) 50 mg portions of a material obtained by dialyz- 
mg and then lyophihzing the soluble fraction of thyroid tissue were dis- 
solved m 2 ml portions of buffer at various pH levels and incubated with 
100 7 per cent of labeled iodide and 5 X 10“® m FMN In no case was 
a significant utilization of radioiodide observed Hence it w^as concluded 
that the FMN -stimulated formation of organic requires a heat-labile, 
and presumably enzymatic, factor that is present (or active) only in the 
particulate fraction 

Effects of Various Metabolic Inhibitors — Table III shows the utilization 
of radioiodide by thyroid particulate preparations, both m the presence 
and 111 the absence of FMN when incubated with a number of chenucal 
agents known to have inhibitory effects on various metabolic functions 
Not unexpectedly, those chemicals with definite reducing properties, 
namely thiouracil and cyamde, both had strongly depressing effects on 
iodide utilization We have reported previously that these agents also 
inhibit lodination by a non-enzymatic system consisting of tyrosine, radio 
iodide, and H2O2 (8) Thiocyanate, although not a good reducing agent, 
also inhibited lodination by both the thyioid particulate and non-enzymatic 
systems Perchlorate, which is regarded as having a rather specific in- 
hibitory action on the lodide-concentrating mechanisms of the thyroid 
gland, had no effect on the particulate lodmating sj'^stem 

Of the “aminobenzene” type of antithyroid drugs, sulfanilamide had 
only a slight effect, while both p-aminobenzoate and sulfatbiazole were 
strongly inhibitory iV-Succmylsulfathiazole, however, was only slightly 
inhibitory The latter finding is m agreement with the observation of 
Taurog et al (9) that substitution on the aimno groups of sulfanilamide 
and p-ammobenzoate resulted m considerably depressed antithyroid 
potency in these drugs It is of interest that chromatograms of the prepa- 
rations incubated with the succinylsulfathiazole revealed the formation 
of a new’^ and as yet unidentified lodinated component that appeared in a 
position immediately below" that of the unused iodide This component 
accounted for only 5 to 8 pei cent of the added I'^* . 

Malonate and monofluoroacetate aie believed to block utilization 0 
certain intermediates of the tricaiboxyhc acid cycle (10), ivhile antimycin 
A appears to inteifere wuth the electron tiansport system at some pom 
betw"een the flavins and the cytochiomes (11) None of these agents la 
a pronounced influence on iodide utilization by the particulate lodinatmg 
system 
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Effect of Catalase — Since it seemed possible that the mechanism of iodide 
oxidation a flavin system might involve H 2 O 2 , the effect of added cata- 
lase enzyme- on ladioiodide metabolism by the sheep th 3 noid particulate 
piepaiations was investigated The lesults piesented in Table IV indicate 
little, if anj'^, depiession of iodide utilization Indeed, 111 one experiment 

Table III 

Effects of Various Antithyroid Agents and Metabolic Inhibitois on Radioiodide 
Metabolism of Sheep Thyroid Pailiculate Preparation 


2 hour incubations at pH 8 0 in the presence of 100 y per cent labeled iodide 


Material added 

Per cent of total recovered as 

protein 

Iodide 

U 2 

U-l 

None 

23 6 

52 4 

16 5 

7 3 

10 “^ M thiouracil 

1 6 

98 7 

0 

0 

10-’ “ KSCN 

1 0 

99 0 

0 

0 

10-’ “ KCIO 4 

24 6 

51 9 


6 9 

10 “’ “ p-aminobenzoate 

5 6 

89 0 


1 7 

10 “’ “ sulfanilamide 

26 2 

51 2 


6 1 

10 “’ “ sulfathiazole 

12 2 

76 4 


3 0 

10 “’ “ succinylsulfathiazole 

20 4 

60 9 


5 2 

10“’ “ NaCN 

0 9 

99 1 

0 

0 

10 “’ “ malonate 

24 6 

53 3 

16 2 

5 9 

10 “’ “ monofluoroacetate 

25 3 

52 1 


6 6 

10“’ “ antimycm A 

26 0 

45 1 

mm 

10 9 

5 X 10“’ M FMN 

53 5 

13 4 

19 2 

14 1 

5 X 10“’ “ “ 10“’ M thiouracil 

2 2 

97 8 

0 

0 

5 X 10“’ “ “ 10“’ “ KSCN 

1 6 

98 4 

0 

0 

5 X 10“’ “ “ 10“’ “ KCIO 4 

60 9 

10 5 


13 7 

5 X 10“’ “ “ 10“’ “ p-aminobenzoate 

7 9 

82 8 


2 0 

5 X 10“’ “ “ 10“’ “ sulfanilamide 

42 0 

23 4 


8 7 

5 X 10“’ “ “ 10“’ “ sulfathiazole 

14 6 

70 9 


3 1 

5 X 10“’ “ “ 10“’ “ succinylsulfathiazole 

31 0 

29 2 


7 2 

5 X 10“’ “ “ 10“’ “ NaCN 

0 8 

99 2 

0 

0 

5 X 10“’ “ “ 10“’ “ malonate 

48 6 

15 0 

22 7 

13 7 

5 X 10“’ “ “ 10“’ “ monofluoroacetate 

52 1 

13 6 

19 9 

14 4 

5 X 10“’ “ “ 10“’ “ antimycm A 

41 8 

15 6 

26 8 

15 8 


the addition of catalase with FMN at pH 7 5 seemed to enhance the 
utilization of iodide, resulting in the formation mainly of additional 
amounts of the unidentified product, U-2 In contrast to this, catalase 
at concentrations of 0 1 mg per ml completely inhibited radioiodide 
utilization by a cell-fiee extract of the marine alga, Nereocyslis, and by a 
non-enzymatic lodination s^’^stem consisting of 10“^ 11 H 2 O 2 , 10~’ m tyrosine, 
and I*^* iodide (8) 

= Crystalline citnlnse, Generil Biochemicals, Inc 






Table IV 

Effect of Catalase on Radtoiodide Metabolism of 
Sheep Thyroid Particulate Pi eparation 


2 hour incubations in the presence of 100 y per cent labeled iodide 


Experiment 

No 

pH of 
incubation 

Concentration 
ol FMN 

Catalase 

added 

Per c 

Protein 

ent of total 

Iodide 

1 

jui recoicr 

U2 

ed as 

U1 




mg 





1 

8 0 

None 

None 

13 7 

77 6 

2 8 

5 9 



<( 

0 1 

10 6 

82 8 

2 2 

4 7 



ti 

0 2 

8 6 

85 5 

1 8 

4 2 



<t 

0 5 

5 9 

88 7 

1 5 

3 0 



10~^ M 

None 

63 7 

11 9 

19 3 

15 0 



10-1 ■< 

0 1 

56 7 

12 5 

17 0 

14 1 



10-4 » 

0 2 

54 6 

12 4 

18 9 

13 9 



10-4 .< 

0 5 

49 8 

12 1 

25 0 

13 0 

2 


None 

None 

7 9 

68 6 

15 3 

8 2 


HIH 

tc 

0 1 

6 4 

73 1 

13 7 

6 9 



St 

0 2 

5 1 

78 9 

10 5 

5 4 



(i 

0 5 

3 6 

84 7 

7 5 

4 0 



5 X 10-4 M 

None 

20 2 

24 2 

38 8 

16 9 



5 X 10-4 » 

0 1 

19 3 

1 18 6 

46 9 

15 2 



5 X 10-4 “ 

0 2 

15 8 

15 2 

65 8 

13 0 



5 X 10-4 “ 

0 5 

11 6 

14 8 

64 0 

9 7 


Table V 

Effect of Anaerobic Conditions on Utilization of 
Radioiodide by Thyroid Particulate System 


2 hour incubations 


Expen- 

ment 

No 

Atmosphere 

pH of 

Carrier 

iodide 

added 

FMN added 

Per cent of total 1'” recovered as 

incu- 

bation 

Protein 

Iodide 

U2 

Ul 




y per cent 






1 

Aerobic 

7 8 

None 

None 

13 7 

18 6 

52 4 

15 3 




100 


7 4 

52 8 

31 0 

8 7 




100 

5 X 10-4 M 

22 8 

16 5 

40 5 

20 2 

6 2 

1 5 


Anaerobic 

7 8 

None 

None 

5 3 

69 8 

18 7 




100 


1 6 

92 8 

4 0 




100 

5 X 10-4 M 

30 9 

15 9 

22 8 

30 3 

2 

Aerobic 

7 9 

100 

None 

13 7 

77 6 

2 76 

6 85 




100 

10-4 M 

53 8 

9 23 

23 4 

13 5 


Anaerobic 

7 9 

100 

; None 

5 89 

89 4 

1 1 

3 4 

17 0 

5 22 

8 17 




100 

10-4 M 

62 8 

8 58 

11 5 

3 

Aerobic 

8 7 

100 

None 

26 8 

53 7 

14 3 




100 

10-® M 

46 5 

18 1 

27 2 




100 

10-4 .« 

65 7 

9 65 

14 1 

10 4 

3 72 

7 13 

8 72 


Anaerobic 

8 8 

100 

None 

22 3 

65 5 

8 40 




100 

10-‘ M 

46 5 

33 6 

12 7 




100 

10-4 

78 4 

6 22 

6 68 


780 



















W TONG, A TAUROG, AND I L CHAIKOFF 


781 


Aeiohic versus Anaewhic Incubahon — It was reported pieviously (1) 
that the utilization of ladioiodide b}'’ the thyioid particulate system was 
depiessed bj' the exclusion of oxygen This finding was confiimed in 
the piesent investigation, as shown by the data of Table V Howevei, 
it was found that the addition of FMN could reveise the inhibitory action 
of the anaeiobic conditions With greater concentrations of FMN, the 
requirement foi oxygen appeared to dimmish, hence the difference between 
aerobic and anaerobic samples became quite small 

DISCUSSION 

The foimation of piotem by the isolated thyroid particulate system 
can be visualized as occuiimg in two steps (1) oxidation of iodide to the 
I" or 1+ states and (2) lodmation of the tyiosine residues m the protein 
These reactions were not studied separately in the experiments reported 
here, only the net result of both reactions was observed Nevertheless, 
since flavin enzymes aie known to function primarily in oxidative processes, 
we have assumed that the activating action of the added flavin coenzymes 
occurs primarily at Step 1 Three mechanisms may be suggested for 
this action (1) duect oxidation of iodide by the added flavin, (2) activa- 
tion of a flavin enzyme that oxidizes iodide, or (3) activation of a flavin 
enzyme that produces H 2 O 2 which then oxidizes iodide Of these three 
mechanisms, the first is ruled out by the results with boiled preparations 
(Table II), the second seems unlikely because of the relatively inadequate 
oxidation-reduction potential of the flavm enzymes, and the third is not 
supported by our experiments on the effects of catalase and anaerobic 
conditions on the flavm-stimulated system In the interpretation of these 
data, however, it must be borne m mind that iodide utilization by the 
thyroid gland, as well as by the particulate fraction used here, operates 
at extremely low levels For example, Astwood estimates that a 25 gm 
human thyroid normally oxidizes only 10“® mole of iodide per day (12), 
and the actual quantity of iodide utihzed by 2 ml of the thyroid particu- 
late system after 2 hours of incubation is less than 0 02 /imole It is, there- 
fore, conceivable that, with such rmnute amounts of the substrate, iodide, 
relatively Imuted oxidizing systems could perform adequately Thus, 
although anaerobic conditions and catalase rmght be expected to depress 
H 2 O 2 production by a flavm enzyme, sufficient H 2 O 2 could remain to oxi- 
dize 0 02 jumole of iodide, particularly if a peroxidase t 3 ’^pe enzyme were 
also present Such a competition between peroxidase and catalase was 
suggested by Keston (13) to explain the failure of catalase to inhibit lodi- 
nation by the xanthine oxidase of nulk 

Cyanide is regarded primarilj^ as an inactivator of metalloenz 3 '’mes, 
such as cytochromes and peroxidases, while thioc 3 mnate is knovn for its 
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inhibitory action on lodide-concentrating mechanisms Howevei, since 
both have been found to inhibit lodination by the non-enzymatic (8) as 
veil as by the thyioid particulate system, it is possible that these com- 
pounds have some diiect chemical influence on the availabihty of oxidized 
iodine It IS conceivable, foi example, that both cyanide and thiocyanate 
aie capable of blocking the foimation of oxidized iodine eithei by reducing 
it as it IS formed or by i educing the oxidizing agent (e g H 2 O 2 ) responsible 
for its formation Fuithermore, both cyanide and thiocyanate are known 
to form stable compounds or complexes with iodine (14, 15) Although 
it IS best known for its inhibitory action on iodide concentiation, thio- 
cyanate has been reported to interfere with the formation of organic iodine 
by sheep thyroid slices in mtro (16), and by a imlk xanthine oxidase sys- 
tem (17) The present findmgs aie in agreement with these earlier obsei- 
vations The fact that perchlorate has no apparent effect on the utihza- 
tion of iodide by the particulate system is a further indication that the 
thiocyanate in this system does not act on an lodide-concentrating mecha- 
nism 


The increased iodide utilization and lodoprotein formation that occur 
with increasing pH suggest that increased dissociation of the tyiosyl 
phenohc groups is involved, since it is known that the lodination of tyro- 
sine pioceeds more readily when the phenohc gioup is ionized (18) An- 
other possibihty IS that, with increasing pH, the formation of some active 
foim of iodine, such as IO~, I+, or IOH 2 '*' (18), may be promoted On the 
other hand, it is also possible that the pH optimum of the lodide-oxidizing 


enzyme itself may he in the alkahne region 
As reported earher (1), the protein formed by the particulate system 
contained mostly in the form of monoiodotyrosine, as revealed by 
filter paper chromatogiaphic analysis of the enzymatic hydrolysate 
Radioactivity in the duodotyrosine fraction of the hydiolysate usually 
amounted to only about one-tenth that of the monoiodotyrosme fraction 
This IS in contrast to results obtained with thyroid tissue shces, "which 


usually formed approximately one-half as much duodotyrosine as 
monoiodotyrosme Predominance of monoiodination has been lepoited 
in other homogenate systems (3, 19, 20) as w^ell as in incubated slices of 
cattle thyroids that had been aged at low temperature (21) At first it 
appeared that the reduced duodotyrosine formation arose piimarily be- 
cause the lodide-concentratmg mechanism had been greatly impaired, 
thus leading to a reduced concentration of iodide available for lodination 


of tyrosine residues However, we found that thyroid tissue shces incu- 
bated in the presence of 10“® m perchlorate (which completely blocks e 
iodide trap) formed protein, which, on hydrolysis, yielded mono- an 
duodotyrosme m the same proportions as unblocked shces Moreover, 



W TONG, A TAUROG, AND I L CHAIKOFF 


783 


the thjGoids of completely hypophysectomized rats, which concentiated 
iodide oiilj'- to about 2 to 3 tunes the level of plasma, also formed I*^^-di- 
iodot 3 '-iosine veij'^ leadily (22) These findings suggest that perhaps a 
special mechanism, not active in tissue homogenates or aged tissue, is 
lequiied foi the conveision of monoiodo- to duodotyiosme 

Cupiic ion was an indispensable component of the homogenate system 
of Weiss (2), and it has played an impoitant role in the homogenate sys- 
tems employed by Fawcett and ICjrkwood (3) Howevei, the role of cop- 
pei in the function of the thyioid under physiological conditions has not 
been cleaily defined The significance of flavin activation in the physi- 
ological piocess of thy 1 Old hormone formation likewise cannot be clearly 
estabhshed at this time The demonstration by Keston (13), and sub- 
sequently by others (17, 23, 24), that xanthine oxidase may catalyze the 
formation of lodinated protein, suggested the possibihty that flavin- 
containmg oxidases might be involved in biological lodination processes 
Xanthine oxidase itself, howevei, has been reported to be absent from the 
thyroid tissue of a number of mammalian species (25-27) In the hght of 
the present findings with regard to flavm activation of the particulate 
lodmating system, it becomes of interest to reconsider the possible involve- 
ment of the yellow enzymes in thyroid iodine metabolism 

SUMMARY 

1 Addition of flavin cofacters markedly stimulated the lodmating 
'ystem present in mitochondiial-imcrosomal fractions isolated from sheep 
thyroid glands Conversion of added carrier iodide to lodopiotein by 
such particulate fractions Avas markedly increased by the presence of 10“® 
M flavm mononucleotide Evidence was obtained showing that the stim- 
ulatory liction of the flavin was enzymatic in nature 

2 The pH optimum for iodide utihzation by both the flavin-supple- 
mented andj&e unsupplemented particulate fraction was between 9 and 10 

3 The stunill^ting action of flavin on the lodinatmg system of the thy- 
roid particulate fraction ivas inhibited by thiouiacil, thiocyanate, cyanide, 
and certain aromatic goitrogens, but not by perchlorate, malonate, mono- 
fluoroacetate, antunycin A, or catalase 

4 The possibility of the physiological participation of flavin in thyroid 
iodine metabolism is discussed 
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STIMULATORY EFFECT OF BARBITAL ON URINARY 
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When administered to rats, various drags of widely different chemical 
structures, for example barbiturates, Chloretone, and paraldehyde, mark- 
edly increase the urmary excretion of L-ascorbic acid (1) A pievious 
turnover rate study showed that this increase results from an acceleration 
in the rate of synthesis of L-ascorbic acid (2), but there is no understand- 
ing of the mechamsm by which drugs exert this effect Tracer studies 
in rats, indicatmg that the lactone of n-glucuromc acid is an intermediate 
m the bios5mthesis of L-ascorbic acid from n-glucose, suggest that the mi- 
tial effect of the drugs may be on the synthesis of n-glucuromc acid (3, 4) 
Smce many drugs are known to be detoxified m the body by being ex- 
creted m urine as conjugates with n-glucuromc acid, the possibihty has 
been pointed out previously that the increased excretion of L-ascorbic 
acid in response to drugs may also represent a detoxification mechamsm 
( 1 ) 

One of the drugs which produces a marked increase in the excretion 
of L-ascorbic acid is barbital (1) Unhke most drugs, it is not metabohzed 
in VIVO, but after admimstration to man and dog it can be recovered un- 
changed in urme (5-7) This observation is of considerable interest smce 
it offers the possibility of separating the effect of drugs on L-ascorbic acid 
and n-glucuromc acid synthesis from their detoxification m the body either 
by metabohc transformation or by conjugation For this reason the pres- 
ent investigation was carried out to determine the effect of barbital on 
L-ascorbic acid and n-glucuromc acid excretion in rats, dogs, and gmnea 
pigs In addition, the mcorporation of n-glucose-l-C*^ into urinary n- 
glucuromc acid and L-ascorbic acid was compared in normal and barbital- 
treated rats The results show that barbital, despite the fact that it is 
not metabohzed, produces m rats and dogs a marked increase in the uri- 
nary excretion of n-glucuromc acid and n-ascorbic acid In guinea pigs, 
only an increase in excretion of n-glucuromc acid is observed smce this 
species IS unable to synthesize L-ascorbic acid 
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EXPERIMENTAL 


Radioactive Material and Procedures — D-Glucose-1 -C''' with a specific 
activity of 1 0 juc per mg was obtained fiom the National Bureau of Stand- 
ards, Washington, D C The method for collection and preparation of 
samples and their assay for were the same as those used previously (8) 
The baiium salt of the p-bromophenylosazone of D-glucuromc acid was 
counted as a disk on filter paper, the appropriate correction being made 
for self-absorption 

Experimental Animals — -Male albino rats of the Wistai strain weic 
maintained on a basal diet of evaporated imlk and water for at least 7 
days before each evperiment The diet of the hypophysectomized* and 
adrenalectomized rats was supplemented with saline Male gmnea pigs 
were kept on Rockland Farm gmnea pig diet and water during the expeii- 
ments Female mongrel dogs were employed and weie given a stock diet 
(Big Red Kibbled dog cakes-) and water 

Analytical Methods — -l- Ascorbic acid was determined by titration lutli 
mdophenol dye (9), and D-glucuronic acid was estimated by the napli- 
thoresorcmol method (10) 

Barbital was determined m urine of rats and guinea pigs by a modifi- 
cation of a spectrophotometric method previously described (11) hi 
brief, the method consisted of adjustmg the urine to pH 5 0, followed by 
its extraction with ethyl ether The orgamc phase was shaken ivith Nont, 
which served to remove the major fraction of urine blank material huf 
negligible amounts of barbital The drug was then extracted from ethyl 
ether into 0 5 n NaOH, m which solution its absorption at 255 mjt was 
measured m the Beckman spectrophotometer The technique of com- 
parative distribution ratios permitted the assay of the specificity of the 
method for barbital m urine (12) The partition ratios of the substance 
extracted from urine were identical with those of authentic barbital m a 


series of two-phase systems consisting of ethyl ether and various aqueous 
buffers Smular values for barbital in urine were obtained by modifica- 
tion of a procedure used for determination of pentobarbital, except that 
ethylene dichloride was used as the solvent and the drug was measured 


m the ultraviolet region at 255 m/t m 0 5 n NaOH (13) 

Isolation Procedures — The 24 hour urine samples, preserved either wi 
0 5 ml of toluene or 5 ml of 10 per cent oxalic acid, were diluted to 1 
ml vnth water l- Ascorbic acid was isolated after addition of 300 mg 

carrier to a 30 ml aliquot of urine by a specific ion exchange procc ur 
used previously (8) n-Glucuromc acid was isolated as the lactone 


^ Hypophysectomized rats were purcliased from the Hormone Assay Labors or 
Inc , Chicago, Illinois 

^ G L F Exchange Company, Canandaigua, New York 
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follows 300 mg of carnei D-glucuromc acid were added to a 30 ml ali- 
quot of the uime sample and the solution was passed through an Amber- 
hte IR-4B amon exchange column in the acetate form (8) The adsorbed 
D-glucuronic acid was eluted with 2 n formic acid and the eluate was evap- 
orated rapidly to dryness in vacuo at 50“ The D-glucuromc acid was 
converted to its lactone by crystallization from glacial acetic acid The 
resulting D-glucuronolactone was dissolved m H 2 O and passed again 
through the Amberhte IR-4B column The effluent contaimng the d- 
glucuronolactone was evaporated rapidly to dr 3 mess in vacuo at 50° 
D-Glucuronolactone was recrystalhzed three times from glacial acetic 
acid Radioactive purity was estabhshed when upon recrystalhzation 
no change was found in specific activity In addition, two derivatives, 
the barium salt of the p-bromophenylosazone and potassium acid sac- 
charate (14), prepared from the same sample of D-glucuronolactone, had 
identical molar specific activities 


Results 

Fate of Barbital in Rats and Guinea Pigs — The excretion of barbital was 
measured after its intraperitoneal admimstration to two rats and two 
gmnea pigs m doses of 46 to 50 mg , respectively (Table I) It will be 
noted that essentially all of the adrmmstered drug is recovered m the unne 
during a 3 to 4 day period, an average of 98 per cent for both species 
These results are m agreement with those obtained m man and dog, which 
show that barbital is not metabolized (5-7) 

Effect of Barbital on L-Ascorbic Actd and o-Glucuronic Acid Excretion — 
The effect of different dosages of barbital on the urinary excretion of l- 
ascorbic acid and D-glucuromc acid was measured (Table II) It will be 
noted that barbital produces a sigmficant effect on L-ascorbic acid and 
D-glucuromc acid excretion in doses of as httle as 10 mg daily 
The effect of barbital in intraperitoneal doses of 150 mg daily on uri- 
nary excretion of D-glucuromc acid was measured in four guinea pigs 
(Table III) Like the rat, a sigmficant increase in D-glucuromc acid was 
observed The guinea pig, however, differs from the rat m being unable 
to convert D-glucuronolactone to L-ascorbic acid (4) 

The effect of barbital on the daily urmary excretion of L-ascorbic acid 
and D-glucuromc acid was measured m two dogs after they received daily 
50 mg per kilo of barbital by stomach tube for 5 days The average 
daily excretion of L-ascorbic acid and D-glucuromc acid before admimstra- 
tion of the drug was 47 and 373 mg , respectively In the case of one dog, 
the daily excretion of L-ascorbic acid and D-glucuromc acid increased to 
218 and 717 mg , respectively, after drug admimstration For the second 
dog the daily excretion of L-ascorbic acid and D-glucuromc acid increased 
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to 161 and 725 mg , lespectively In addition, similar studies weie ear- 
ned out m two other dogs which received daily 100 mg per kilo of Chlore 
tone by stomach tube for 5 days The daily urinary excretion of L-ascorbic 

Table I 


Urinary Excretion of Barbital by Rats and Guinea Pigs* 


Collection period 

Amount of barbital in urine 

Rat A 

Rat B 

days 

mg 

mg 

0-1 

27 1 

35 0 

1-2 

11 3 

7 7 

2-3 

3 5 

2 3 

3^ 

0 7 

0 4 


Guinea pig C 

Guinea pig D 

1-2 

39 0 

42 0 

2-3 

15 0 

4 3 


* The rats and guinea pigs received 46 and 50 mg , respectively, of sodium bar 
bital by intraperitoneal injection All the values are expressed in terms of sodium 
salt 


Table II 

Daily Urinary Excretion of v-Glucuronic and L-Ascorbic Acids after 
Administration of Barbital to Rats* 


Dose of barbitalf 

No of rats 

D Glucuronic acid 

L-Ascorbic aad 

mg per day 


mg per day 

mg per day 

0 0 

30 

16 ± 2 6t 

0 82 ± 0 50t 

10 

6 

28 ± 2 0 

6 3 ± 0 90 

50 

6 

37 ± 4 8 

17 ±34 

150 

4 

63 ± 5 5 

23 ±32 


* The average value for urinary excretion of each compound after the rats ha 
received the indicated dosage for 4 days Urine samples were preserved by collec 
tion in 5 ml of 10 per cent oxalic acid 

t Barbital was given as sodium salt dissolved in an evaporated milk diet The 
rats weighed from 275 to 325 gm 
t Average deviation 

acid mci eased from an average control value of 68 mg before adminis- 
tration of the drug to a maximal value for one dog of 287 mg and for the 
other, 576 mg 

Effect of Glucuromde-Producing Drugs on L-Ascorbic Acid E'ccrelion 
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Additional studies were earned out in rats to determine whether com- 
pounds such as borneol, a-naphthol, and phenolphthalem, which are 
excieted chiefly as glucuromdes (15), increase the excretion of n-ascorbic 
acid These drugs have essentially no effect on L-ascorbic acid excretion. 


Table III 

Urinary Excretion of D-Glucuiomc Acid after Administration of Barbital 

to Ghiinea Pigs* 


Day No 

Dosaget 

Urinary d glucuronic acid 

Guinea pig 1 

Guinea pig 2 

Guinea pig 3 

Guinea pig 4 


mg per day 

mg per day 

mg per day 

mg Per day 

mg per day 

Control 

0 0 

33 

36 

28 

28 

a 

0 0 

29 

30 

37 

33 

(( 

0 0 

30 

25 

40 

37 

1 

150 

48 

69 

38 

58 

2 

150 

84 

72 

60 

67 

3 

150 

82 


55 



* Urine samples were preserved by collection in toluene 

t Administered as sodium barbital divided into two doses by intraperitoneal 
injection The guinea pigs weighed from 425 to 450 gm 


Table IV 

Effcet of Glucuronide-Producing Drugs on i-Ascorbie Acid 
Excretion by Rats* 


Drug 

Dosage 

No of rats 

L Ascorbic acid 

D Glucuronic acid 

None 

mg per day 


mg per day 

0 82 ± 0 50t 

mg per day 

16 ± 2 6t 

Borneol 


3 

0 94 ± 0 25 

76 ± 13 

a-Naphthol 


3 

0 53 ± 0 07 

56 d= 4 0 

Phenolphthalem 


4 

0 60 db 0 16 

31 ± 4 0 


* The average value for urinary excretion after 2 daj’’s on each dosage schedule 
The drug was administered by stomach tube as a homogenate in evaporated milk 
t Average deviation 


but increase markedly the excretion of D-glucuronic acid (Table IV) 
These results are m marked contrast to those obtained with barbital, 
which increases the excietion of both L-ascorbic and D-glucuromc acids 
The effect of borneol on L-ascorbic acid excretion by lats recemng 
either barbital oi Chloretone was also measured (Table V) The results 
show that boineol does not affect the excietion of n-ascorbic acid by rats 
receivmg these drugs 
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Table V 


Effect of Borneol on L-Ascorbic Acid Excretion by Rats 
Receiving Barbital and Chloretone* 


E-q)eriment 

No 

Drug 

Dosage* 

Urinary ascorbic acid 



ing per day 

mg per day 

1 

Barbital 

50 

20 ± 1 Of 


“ + borneol 

50 + 100 

20 ± 2 0 

2 

Chloretone 

50 

35 ± 6 0 


“ + borneol 

50 + 100 

30 ± 5 0 


* The rats received either barbital or Chloretone for 7 days, and on the last 2 
days the animals also received borneol The drugs were administered by stomach 
tube Three rats were used in each experiment 
t Average deviation 


Table VI 

Incoi poration of Glucose-1 into Urinary D-Glucuronic Acid and x-Ascorbic 
Acid in Normal and Drug-Treated Rats 


Experiment No 

Drug* 

Per cent of dose in 

D Glucuronic acid 

L Ascorbic acid 

R-309t 

None 

<0 04 


R-344Bt 

“ 

<0 02 


R-lt 

(( 


0 02 

R-12t 

“ 


0 01 

R-303 

Barbital 

0 45 

0 15 

R-306 

i( 

0 45 

0 22 

R-327t 

C( 

1 0 34 


R-346At 

Chloretone 

0 11 


R-346C 

(( 

0 18 


R-3t 

(( 


0 55 

R-4t 

(( 


0 45 


uiiiuiuiii weie auminisierea uaiiy oy 

vided into two equal doses 50 mg of Chloretone were administered by stomac i 
tube as a homogenate in evaporated milk The animal received the drug at eas 
4 days before the experiment The animals weighed from 275 to 325 gm Weig a 
quantities of D-glucose-l-C‘^ (10 to 20 mg ) were administered to each anima 3 
intraperitoneal injection 

t In these experiments urine was preserved with toluene For the remaining 
experiments, 5 ml of 10 per cent oxalic acid were used 
X Previously published experiments (16) 


Radioactive Experiments — The incorpoiation of D-glucose-l-C 
D-glucuromc acid and L-ascorbic acid was compared m iioimal rats an 
those receiving barbital and Chloretone (Table VI) It ^ 
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that administiation of barbital pioduces a marked increase in the con- 
veision of D-glucose to D-glucuronic acid fiom an average of <0 03 per 
cent in noimal lats to an aveiage of 0 40 pei cent in rats leceiving the 
diug Baibital also pioduced about a 10-fold inciease in the incoipoiation 
of D-glucose-l-C'^ into L-ascoibic acid 

The con vei Sion of labeled D-glucose to D-glucuromc acid and L-ascorbic 
acid in rats leceiving Chloietone averaged 0 15 per cent and 0 50 per cent. 

Table VII 


Effect of Barbital and Chloretonc on L-Ascorbic Acid Excretion in Normal, 
Hypophysectomized, and Adrenalectomized Rats 





Normal 

Hypophysectomized 

Adrenalectomized 

Drug 

Dosage schedule* 

No 

of 

rats 

L Ascorbic acid 
in urine 

No 

of 

rats 

L Ascorbic acid 
in urine 

No 

of 

rats 

L Ascorbic acid 
in urine 

None 


8 

mg per day 

0 28 ± 0 04t 

22 

mg per day 

0 26 ± 0 12t 

8 

mg per day 

0 35 ± 0 15t 

Barbital 

Barbital 

12 5 mg for 2 
days, 25 mg 
for 1 day by in- 
traperitoneal 
injection 

25 mg for 2 

8 

5 

3 2 ± 0 91 

4 9 ± 0 81 

6 

3 

0 37 ± 0 45 

0 19 ± 0 02 

i 

3 

3 2 ± 0 46 

Chloretone 

daj's by stom- 
ach tube 

12 5 mg for 3 

8 

10 8 ± 1 63 

5 

2 4 ± 1 73 

5 

12 1 ±17 

Chloretone 

days by stom- 
ach tube 

25 mg for 1 day 
by stomach 
tube 


7 2 ± 1 95 

3 

0 24 ± 0 02 




* Excretion of L-ascorbic acid was measured during the last day of drug admin- 
istration The rats weighed from 190 to 210 gm 
t Average deviation 


lespectively Previous studies have shown that Chloretone has an effect 
similar to barbital in stimulating the excietion of n-ascorbic and D-glu- 
curomc acids (17) Since little information is available on the fate of 
Chloretone, it was not known whether this increase in D-glucuiomc acid 
excretion represents free D-glucuromc acid or glucuromdes The method 
used m measuring D-glucuromc acid does not distinguish between the 
free and the conjugated form (10) The results of the present tracer 
study show that at least a pait of the D-glucuromc acid excreted m urine 
m 1 espouse to Chloietone is present m the free form 
Experiments with Hypophysectomized and Adrenalectomized Rats — The 
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effect of different dosages of barbital and Chloretone upon excretion 
of L-ascorbic acid by normal, hj^iophysectomized, and adrenalectomized 
rats was compared (Table VII) It xvill be noted that admimstration of 
either baibital or Chloietone has little or no effect on L-ascorbic acid ex- 
cretion by hypophysectomized rats However, admimstration of these 
drugs to adrenalectomized rats produces an increase in L-ascorbic acid 
excretion similar to that observed in normal rats 


DISCUSSION 

The results presented in this study show that barbital produces a marked 
increase in uiinary excretion of both L-ascorbic acid and D-glucuromc 
acid in rats and dogs and of D-glucuromc acid only in gmnea pigs The 
observation that barbital is neither metabolized nor conjugated in the 
body indicates that its effect on L-ascorbic acid and D-glucuromc acid 
synthesis occurs independently of any known detoxication mechamsm 

The results of the experiments in which the mcorporation of n-glucose- 
1-C^^ into urinary L-ascorbic acid and D-glucuromc acid was measured in 
normal rats and in those recemng either barbital or Chloretone further 
point out the striking effect of the drug on the synthesis of these com- 
pounds Of particular importance, the isotopic dilution method employed 
in these experiments furmshes evidence for the presence of free D-glu- 
cuionic acid m urine of rats receiving barbital and Chloretone 
for the formation of free D-glucuromc acid in ammals have been meager 
(18, 19) Evidence has been presented previously by Smith and Williams 
(20, 21) for free D-glucuromc acid m urme of rabbits receivmg amhne and 
phenetidme, but it was thought to origmate from the breakdovm. of labile 
glucuromdes of the adrmmstered compound 

Admimstration of barbital or Chloretone to rats apparently stimulates 
the synthesis of L-ascorbic acid via the following pathway D-glucose 
D-glucuronolactone — > L-gulonolactone — > n-ascorbic acid Evidence for 
this scheme has come from experiments in both normal and Chloretone- 
treated rats in which the mcorporation of C^^ in L-ascorbic acid was meas- 
ured after admimstration of various tracers, including carbon 1, carbon 6, 
and uniformly labeled D-glucose (22-24, 16), carboxyl, and umformly 
labeled D-glucuronolactone (3, 4), and carboxyl-labeled n-gulonolactone 
(4) Further evidence for this pathway is found in the present stu y 
in that barbital and Chloretone stimulate the conversion of D-glucose-1- 
to D-glucuromc acid Other studies have shoivn that adimnistration 
these drugs to rats also increases the conversion of D-glucose-l-C'^ to uri 

’ The possibilit 3 ’^ that D-glucuronic acid and n-gulonic acid as ivell as 
are intermediates in the biosynthesis of L-ascorbic acid has been pointed out rcc 
from in vitro experiments (25) 
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nary L-gulomc acid (26) The amount of n-glucuromc acid and n-ascorbic 
acid excieted in uiine represents only a small fraction of the total D-glucose 
metabohzed via this pathway For instance, admimstered D-glucurono- 
lactone and L-gulonolactone are extensively oxidized to CO 2 and only a 
small fraction excreted as their respective acids in urine (3, 4) In ad- 
dition, only a part of n-ascoibic acid synthesized each day m rats treated 
with drugs IS excreted m urine, and the remamder is either oxidized to 
CO 2 or excreted m urine as various metabohtes (2) 

Barbital is one of the many drugs which increases the urinary excretion 
of L-ascorbic acid These include various barbiturates, other hypnotic 
drugs such as Chloretone, paraldehyde, and Trional (sulfonethylmethane) , 
and certain antipyretic and analgesic drugs such as antipyrine and armno- 
pyrme (1) Since there is an apparent lack of structural specificity for 
this effect on n-ascorbic acid excretion, the possibility must be considered 
that the drugs act m some mdirect way on carbohydrate metabolism, re- 
sulting m D-glucose being metabohzed via D-glucuronolactone Possible 
hormonal control ovei this phenomenon is suggested from the results, 
which show that the effect of Chloretone and barbital on n-ascorbic acid 
excretion is considerably less m hypophysectomized rats than m normal 
rats The adrenals are apparently not mvolved, however, since adminis- 
tration of these drugs to adrenalectonuzed rats produces about the same 
mcrease in L-ascorbic acid excretion as that observed m normal rats 

SUMMARY 

Barbital produces a marked increase in urmary excretion of L-ascorbic 
acid and D-glucuromc acid in rats and dogs In the gmnea pig, a species 
which is unable to synthesize L-ascorbic acid, an mcrease in D-glucuromc 
acid excretion only occurs The incorporation of D-glucose-l-C^^ into 
free D-glucuromc acid in urine is markedly enhanced upon admimstration 
of barbital and Chloretone to rats 

The effect of barbital on L-ascorbic acid and D-glucuromc acid excretion 
IS apparently not related to any known detoxification mechamsm since 
barbital is neithei metabohzed nor conjugated but is excreted unchanged 
in urine The results point out a possible additional mechamsm for d- 
glucuromc acid formation in response to drugs other than that Ana glucu- 
romde synthesis 

Barbital and Chloretone have httle or no effect on L-ascorbic acid ex- 
cretion in hypophysectomized rats, suggesting possible hormonal control 
ovei L-ascorbic acid synthesis in response to drugs 

The authors gratefully’’ acknowledge the assistance of Miss Constance 
Glasgow, Mrs Jane Kaplan, and Mr James Perel in carrying out various 
analyses in this study 
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EFFECTS OF AMETHOPTERIN ON NUCLEIC ACID 
METABOLISM IN MITOTIC AND NON-MITOTIC 
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Of the protein and nbose nucleic acid (RNA) normally present in hver, 
approximately one-half is lost when adult male rats are fasted for 6 days 
(1) Neither duimg this fasting period nor during the recovery period 
aftei the animals are returned to a normal diet is there a sigmficant change 
m the total number of cells or in the total content of deoxyribose nucleic 
acid (DNA) m the hver (1-3) Substantially no mitosis or endomitosis 
takes place Thus, the rapid synthesis of RNA and protem which ac- 
compames refeedmg is associated with cell enlargement, t e non-mitotic 
growth 

In contrast, regeneration of hver tissue after partial hepatectomy is 
accomplished by mitotic reproduction of the cells present after the opera- 
tion (4) The visible onset of mitosis takes place between 24 and 36 hours 
after the operation, but Price and Laird (5) have shown that a rapid syn- 
thesis of DNA and other nuclear and cytoplasmic components begins 
approximately 12 hours after the operation It is becoming increasingly 
evident that, before the visible onset of mitosis, there is a penod in which 
many cell components are synthesized m preparation for cell division 
(5-8) 

The present study is concerned with the effects of amethopterm (4- 
ammo-A^“-methylpteroylglutamic acid), a known antagonist of folic acid 
and citrovorum factor (9-11), on the synthesis of nucleic acid and protem 
which accompanies both the mitotic growth of rat hver upon partial hepa- 
tectomy and the non-mitotic growth of the same tissue dunng refeedmg 
after fasting 

Materials and Methods 

Male albino rats^ weighing 200 to 250 gm were used The food con- 
sisted of Friskies dog pellets, and the animals were maintained on this 
diet for at least 1 week before being used in experiments 

* This work vas supported by a grant from the Amencan Cancer Societ}' upon 
recommendation of the Committee on Growth of the National Research Council 
and by the Alexander and Margaret Stew art Trust Fund 

t Present address, Argonne National Laboratorj , Lemont, Blinois 

* Obtained from the Holtzman Rat Companj , Madison, Wisconsin 
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ambthopterin and nucleic acids 


In the experiments on recovery from fastmg (Experiments I to W, 
Tables I and II), the animals were fasted for 6 days and then allowed free 
access to food Throughout aU of the experiments, the rats had access 
to water The treated anunals received amethopterm^ (2 mg per kilo) in a 
smgle mtraperitoneal mjection each day, the first mjection bemg adminis 
tered 1 hour before the fasted annuals resumed feeding The control 
anunals were pau-fed to those receiving amethopterm 
Three studies of regenerating hver were made In the first two (Experi- 
ments V and VI, Table III), the animals received amethopterm (2 mg 
per kilo) m a smgle mtraperitoneal mjection each day for 4 days (Experi- 
ment V) or 5 days (Experiment VI) and were then subjected to partial 
hepatectomy by the procedure of Higgms and Anderson (12) Beguming 
3 hours after the operation, each animal received amethopterm by sub 
cutaneous mjection every 6 hours (0 8 mg per kilo), and they were killed 
30 hours after the operation In the third of the regeneratmg hver expen- 
ments (Experiment VII), the animals received no amethopterm before 
partial hepatectomy, treatment after the operation was the same as that 
in the other regeneratmg hver experiments, except that the amethopterm 
dose was 2 mg per kilo for each injection In each case, the control am- 
mals were pau-fed to those receiving amethopterm 

The procedure for the homogemzation and fractionation of the liver 
tissue has been described previously (13) Samples of the tissue homog- 
enates and cell fractions were analyzed for protem mtrogen by a nessleri- 
zation procedure (14) and for nucleic acids by the method of Schneider 
(15) Nuclei were counted m the unfractionated homogenates as de- 
scnbed previously (16) 

3 hours before bemg kiUed, each animal received glycme-2-C‘^ (4 mg 
per kilo , 67 pc per kilo)® and morgamc phosphate-P®® (20 pc per kilo)® m 
a single mtraperitoneal mjection, except that m Experiment I the P® 
dosage was 200 pc per kilo The procedure for the isolation of protein 
and nucleic acid samples for determmation of specific activity was based 
on the method described by Bamum and Huseby (17) and was set up m 
this laboratory by Dr Oddvar Nygaard (1) The P®® radioactivity of the 
nucleic acid extracts was measured m an annulus counter^ which registere 
only P®®, smce its walls were thick enough to absorb substantially all of t le 

- The amethopterm as generously donated by Dr J M Ruegsegger, of 
Lederle Laboratories Division of the Union Carbide and Carbon Company 
’ The glycme-2-C*^ was obtained from Tracerlab, Inc , on allocation from 
United States Atomic Energi-^ Comimssion The orthophosphate-P’’ "os supp 
bj' Dr E C Albright of the Department of Medicine, University of Wisconsin, 
allocation from the United States Atomic Energy Commission 

* Obtained from the Radiation Counter Laboratories, Inc , Skokie, Rhnois 
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ladioactivity For measurement of the radioactivity of these 
solutions, aliquots were subjected to wet combustion (Van Slyke-Folch) , 
the C‘^02 thus separated from the was trapped m NaOH and con- 
verted to BaCOa for counting ® The protein samples were counted under 
an end window counter, with and ivithout an alummum disk, which ab- 
sorbed substantially all of the radioactivity and reduced the count 
to 73 per cent of that obtained without the absorber, the data so obtained 
were used to calculate the radioactivity of the protem samples 

The specific activity of the uncombmed glycme was determmed by the 
procedure described previously (18), except that the dimedon precipitate 
was dissolved m dilute alkah and reprecipitated by the addition of 2 to 3 
drops of glacial acetic acid The specific activity of the acid-soluble phos- 
phorus was determmed by measuring the P®^ activity and total phosphorus 
content of a trichloroacetic acid extract prepared from each homogenate 

Results 

Experiments on Recovery from Fasting — Durmg the 1st day of refeedmg, 
the food intake of the animals receiving amethopterm was the same as 
that of control animals allowed to eat ad libitum, thereafter the food in- 
take decreased rapidly, reaching zero by the 4th day of refeedmg, at which 
time the animals were moribund In these rats, the wall of the intestine 
was very thick and the lumen was filled with mucus The quantities of 
RNA and protem nitrogen m the cell fractions of the animals durmg re- 
feedmg after fastmg are shown m Table I Since it had been found that 
there was no change m the number of cells m the liver durmg fastmg and 
refeedmg (1-3), the values may be expressed either m terms of the average 
hver or of the average liver cell, m Table I they are given m terms of mg 
per average hver After 2 days of refeedmg, the values for the animals 
treated with amethopterm fell between those for 1 and 2 days of lefeeding 
in control ammals fed ad libitum, and were slightly higher than those for 
pair-fed controls After 4 days of treatment with amethopterm, the quan- 
tities of RNA and protein nitrogen m the average liver were lower than 
after 2 days of treatment, as would be expected from the reduced food 
intake, but here again they were higher than the corresponding values 
in pair-fed controls 

The data m Table II represent the relative specific activity of the nu- 
cleic acid and protein m these animals durmg refeedmg after fastmg, they 
are expressed as (counts per minute per mg divided by counts per minute 

‘ We ire grateful to Mrs Edith Wallestid and IMrs Dorotin Rlchlanus for is- 
sistince in the measurement of radioictivitj , under the general supervision of 
Dr C Heidelberger 



798 


AMETHOPTERIN AND NUCLEIC ACIDS 


per rrucrogram of uncombmed glycme or acid-soluble P) ® It is evident 
that treatment with amethopterm for 2 days produced no significant effect 
on the incorpoiation of either label mto the RNA m the liver cell frac 
tions After 4 days of treatment, the labelmg of these fractions tended 
to be higher than m the pair-fed controls Under the conditions used, 


Table I 

Influence of Amethoptenn Treatment on Restoration of Ribose Nucleic Actd and 
Protein in Rat Liver during Ref ceding after Fasting 



! 

Refeeding after fasting 

Cell fracbon 

Fasted 6 days 

1 day 

2 days 

4 days 



Group 

A» 

Group 

A 

Group B 

Group C 

Group 

B 

Group 

C 


Ribose nucleic acid, mg per liver 


Homogenate 

41 0 

62 7 

76 7 

69 7 

74 8 

71 5 

61 2 

71 0 

41 0 

Nuclei 

10 8 

14 0 


17 8 

11 6 

16 2 

11 9 

4 7 

10 0 

Mitochondria I 

1 1 

1 3 

1 6 

1 4 

2 4 

2 1 

1 9 

2 0 

OS 

“ II 

5 8 

16 5 

28 6 

13 9 

11 9 

BE 

5 3 

9 5 

28 

Microsomes 

15 6 

19 6 

28 5 

17 1 

16 7 


13 4 

17 3 

10 0 

Supernatant 

8 9 


15 7 


13 6 

15 2 

11 2 

11 8 

10 2 

Protein nitrogen, mg per liver 

Homogenate 

142t 

187 

214 

200 

204 

179 

194 


124 

Nuclei 

44 5 

77 4 

37 8 

53 3 

47 4 

47 0 

46 5 

34 5 

42 9 

Alitochondria I 

22 0 

13 5 

23 5 

22 2 


32 8 

30 8 


m 

“ II 

13 5 


41 1 


E A 

18 8 

16 7 

23 6 

5 7 

Microsomes 

17 9 

24 8 

35 1 


KlIS 


28 2 

30 8 

17 1 

Supernatant 

43 3 

53 4 

74 8 



84 8 

61 9 

57 5 

38 8 


* Group A, animals fed ad libitum. Group B, animals which received amethop 
term (2 mg per kilo) m a single mtrapentoneal injection each day and were fed a 
libitum. Group C, controls, pair-fed to animals receiving amethoptenn The bio 
mitochondria fractions are described in the text 

t In each case, measurements were made on pooled material from four anima s 


the mcorporation of both labels mto the DNA was too low to pernut valid 
conclusions regarding the effects of amethopterm treatment on the labe 

° Basing the relative specific activities of nucleic acids and proteins on the sjiecific 
activity of uncombmed glycme or acid-soluble phosphate at the time of sacrifice i 
obviouslj arbitrary, since n e do not know the specific activity of the immediate^pre^ 
cursors, particularly m the case of the nucleic acids Hovever, the usefulness 
the method is indicated by the good agreement in the relative specific activi J 
liver RNA m Experiments I and II (Table II) despite a 10 fold difference m 
level of P®- dosage 
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Table II 


Relative Specific Activities* of Ribose Nucleic Acid and Protein in Tissues of Rats 
Treated with Amethoptenn during Refeeding after Fasting 



2 days refeeding 

4 days refeeding 

Ametiopterin 

1 Control 

Amethopterm 

Control 

Experiment 

No 

Experiment 

No 

Experiment No 

Experiment No 

I 

n 

I 

n 

ni 

IV 

ni 

IV 

Liver RNA (C>9 


(51) 

(48) 

(50) 

(73) 


(65) 


Nuclei 

9 5 

10 0 

9 7 

6 4 

17 9 


16 6 


Mitochondria II 

1 5 

0 4 

0 4 

0 4 

6 1 


0 7 


Microsomes 


0 5 


0 3 

1 5 


0 8 


Supernatant 

2 0 

1 7 

6 1 

0 6 

3 5 


1 8 


Liver RNA (P^^) 

(184) 

(40) 

(178) 

(41) 

(49) 


(31) 


Nuclei 

130 

136 

96 

127 

no 


100 


Mitochondria II 

12 4 

9 8 

7 2 

5 2 

16 0 


18 3 


Microsomes 

25 2 

13 8 

12 4 

5 7 

14 4 


16 2 


Supernatant 

38 7 

36 7 

25 3 

24 2 

36 2 


45 1 


Liver protein (C‘^) 

(50) 

(51) 

(48) 

(50) 





Nuclei 

14 

15 

14 

13 





Mitochondria I 

7 9 

8 9 

8 2 

7 7 





“ II 

11 

14 

13 

12 





Microsomes 

11 

20 

19 

17 





Supernatant 

16 

13 

13 

11 





Pancreas RNA (C^^) 






0 5 (96) 



« “ (p32) 





1 

1 1 (11) 



Small intestine RNA 





16 (69) 

22 (57) 

65 (29) 

34 (38) 

(C“) 









Small intestine RNA 





58 (19) 

3 0 (18) 

44 (17) 

10 (13) 

(p32) 









Small intestine DNA 






1 5 (57) 


18 (38) 

(C 19 









Small intestine DNA| 






0 4 (18) 


8 (13) 

(pS2) 





1 




Spleen RNA (C^9 






1 2 (54) 


1 3 (39) 

« U (p32) 






4 2 (8 1) 


12 (9) 

“ DNA (0*9 






1 0 (54) 


13 (39) 

it tt (P32) 






0 (8 1) 


13 (9) 


* Relative specific activities are expressed as (counts per minute per mg of RNA, 
or protein divided by counts per minute per microgram of gljxine, or acid-soIuble P) 
t The numbers in parentheses give the observed specific activity of the uncom- 
bined glycine, or acid-soluble phosphate, expressed as counts per minute per micro- 
gram In each case, measurements were made on pooled material from four animals 

mg of hvei DNA m these animals In the panel eas, as m the hver, incor- 
poration of both labels mto DNA was extremely low and amethopterm 
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Table III 


InjlxLence of Aviethoptenn Treatment on Quantities and Specific Activities of Cell 
Constituents in Livers of Rats Regenerating after Partial Hepatectomy 


E^penment No 

DNA 

Gly- 

cine 

Acid 

soluble 

P 

RNA 

Protein 

nitrogen 

RNA 

DNA 

RAA 
Pro- 
tein N 

mfi 

gra 

per 

gm 

c» 


c» 

PK 

nv* 

gm 

per 

gm 

c« 

P« 

ntM 

gm 

per 

gm 

C» 

V Amethop- (1)* 
term (2) 

(3) 

(4) 


3 83t 
3 52 

2 68 

7 50 

3 83f 

0 99 

1 06 

6 07 

49 2t 
46 2 
48 3 
43 2 

13 7t 
15 6 
37 4 
13 9 

33 5 
33 9 
43 7 
41 2 

3 23t 
2 74 

2 59 

1 78 

I 

114 

109 

151 

136 

20 It 

23 2 
19 0 

24 4 

1 

1 

Mean 

13 4 

4 38 

3 00 

H 


38 1 

2 58 

2 84 

128 

21 7 

2 85 


Control (1) 
(2) 

(3) 

(4) 

15 9 

16 4 
18 4 
15 6 

31 2 

39 8 

35 5 

13 2 

10 4 

11 5 

18 0 

7 2 

26 9 
26 8 
29 8 
33 4 

16 1 
12 8 
12 0 
14 1 

50 3 
39 6 
56 7 
41 7 

22 3 

17 8 

13 8 

12 3 

8 45 

9 84 

9 06 

8 72 

1 

45 1 
40 8 
39 4 
34 8 

1 

0 317 
0 309 
0 335 
0 333 

Mean 

16 6 

29 9 

11 8 

11 

■1 

47 1 

16 5 

9 02 



2 83 

0 323 

VI Amethoptenn 
(1) 
(2) 
(3) 

11 1 
10 8 
9 5 

6 78 

11 0 

2 69 

0 47 

4 95 

52 0 
37 4 
51 8 

20 3 

21 3 

22 4 

48 5 
48 5 
48 3 

14 7 

24 2 

14 1 

4 23 

4 65 

4 35 

... 

1 


1 

0 404 
0 398 
0 361 

0 388 

Mean 

10 5 

8 9 

2 70 



48 4 

17 7 

4 41 

125 


4 65 

Control (1) 
(2) 
(3) 


26 3 

29 5 

5 79 

4 32 

6 10 

43 8 

44 6 
76 7 

1 

85 0 
64 3 
72 2 

76 8 

94 2 

32 6 

8 32 

8 75 

9 02 

1 



1 

Mean 

17 9 

27 9 

5 40 



73 8 

67 9 

8 70 

184 


4 12 

0 401 

VII Amethop- 
terin 

Control 

H 

B 

2 46 

5 26 

8 1 

8 1 

89 5 

84 1 


1 

I 84 

6 46 

8 3 

8 5 

168 

144 


4 18 

4 31 

1 


* In Experiments V and VI, each measurement was made on material from. ^ 
animal, in Experiment VII, each measurement was made on pooled materia J'o 
four animals , 

t The relative specific activities of nucleic acids and protein are 
(counts per minute per mg of nucleic acid, or protein divided by counts per mi 
per microgram of uncombined glycine, or acid-soluble P) j 

t The specific activity of uncombined glsmine, or acid-soluble P , m expresse 
counts per minute per microgram 
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produced no significant effect on the labeling of RNA In the small m- 
testine and spleen, on the other hand, there was extensive mcorporation 
of both labels mto the DNA, and both of these processes were inhibited 
drastically by the amethopterm treatment Theie was also some mdica- 
tion that the amethopterm treatment reduced the mcorporation of the 
two labels mto the RNA m these tissues 
Expenments on Regenerating Liver — Data on the quantities and labehng 
of nucleic acid and protein m the livers of animals after partial hepatec- 
tomy are given m Table III, the quantities are expressed as gm X 10“^^ 
of nucleic acid or protem nitrogen per cell (calculated on the basis of one 
nucleus per cell), and the specific activities are expressed as m Table II 
In Experiments V and VI, the amethopterm not only inhibited the m- 
corporation of both labels mto DNA and RNA, but prevented the increase 
m the quantities of these substances per cell which normally occur durmg 
the first 24 to 30 hours after partial hepatectomy (5) In these expen- 
ments, there is considerable variation m the extent of the mcrease m DNA 
per cell in the controls and m the degree of inhibition of the DNA increase 
by the amethopterm treatment, and yet, m comparison with its effect on 
the mcrease of DNA, this treatment produced very httle change m the 
ratio of RNA to DNA or m the ratio of RNA to protem mtrogen Thus, 
when the amethopterm produced an inhibition of the mcrease of DNA, it 
produced a proportional inhibition of the mcrease m RNA and protem 
mtrogen The mcreases of RNA and particularly of protem per ceU m 
these experiments are somewhat larger than those reported for normal rats 
by Price and Laird (5), but m the present experiments the period of regen- 
eration was 30 rather than 24 hours, and the imtial quantities of RNA and 
protem per ceU. were lower than normal, due to the reduction m food in- 
take produced by the pretreatment with amethopterm 

In Experiment VII, m which the rats were not pretreated with amethop- 
term before partial hepatectomy but received frequent large doses there- 
after, the amethopterm treatment inhibited the incorporation of glycme-2- 
mto both DNA and RNA, but this did not mterfere with the normal 
mcrease m the amounts of these substances per ceU, or with their labehng 
by 


DISCUSSION 

It IS generally agreed that the action of the antifohc drugs is directed 
chiefly against tissues in which theie is active cell division, and this was 
tiue m the piesent experiments The labeling of the nucleic acids was 
inhibited only m the spleen and small intestine, but not m the hvei and 
pancreas of the ammals recovermg from fastmg VTien the non-mitotic 
metabohsm of the hver was diverted to preparation for ceU division, upon 
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paitial hepatectomy, the nucleic acid metabohsm m this organ became 
susceptible to inhibition by amethoptenn (c/ Nanetti (19)) In this case, 
the drug produced an inhibition of the net synthesis of RNA and protein 
that was proportional to the inhibition of the net synthesis of DNA, sug- 
gesting that these syntheses are parts of an integrated process in which 
the cells prepare for division and that the amethoptenn inhibited the onset 
of this process 

Apparently the synthesis of RNA is not affected directly by amethop- 
tenn, but only indirectly as a result of an inhibition of the preparation for 
cell division, and consequently only the RNA metabohsm associated with 
mitosis is affected Furthermore, the inhibitory effect of this drug «i mvo 
IS probably not on a phase of nucleic acid synthesis common to RNA and 
DNA, as would be the case m the mcorporation of 1-carbon units into the 
purines 

It IS evident that inhibition of the mcorporation of 1-carbon units into 
the punnes and thymme is not immediately sufficient to prevent the syn 
thesis of DNA, because the normal net symthesis of RNA and DNA, and 
their labehng by was not inhibited when the administration of ameth- 
opterin at a high dose level was confined to a brief penod after partial 
hepatectomy, even though this resulted m a marked inhibition of the m 
corporation of glycine into both nucleic acids (20-22) 

Bnef admmistration of amethopterm even at a high dose level was 
ineffective, and prolonged administration was required in order to produce 
effective inhibition of nucleic acid synthesis Consequently, it appears 
that the inhibitory effect is produced by the depletion of some critical 
material (23, 24), the product of a reaction that is susceptible to inhibition 
by amethopterm This product might well be a thymine derivative 
(25-27) , or it might be a cofactor for which amethoptenn is not a competi- 
tive antagonist It is not improbable that some early stage m the syn- 
thesis of DNA, which is susceptible to amethopterm, is responsible for 
triggering the integrated synthesis of cell constituents m preparation for 
imtosis 


SUMMARY 

The present study deals wuth the effects of amethopterm on the changes 
that take place in the net quantities of deoxynbose nucleic acid, nbose 
nucleic acid, and protem and m the incorporation of glycme-2-C^^ and 
inorganic phosphate-P^^ into the cell constituents dunng the mitotic 
growth of rat hver following partial hepatectomy and during the non- 
mitotic groivth of this tissue that accompanies refeedmg after fasting 
Nucleic acid synthesis was inhibited only when it ivas associated in | 
the preparation for cell division This inhibition seemed to be produce 
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by depletion of some critical material, because prolonged a dminis tration 
of the drug was reqmred to produce it Apparently nbose nucleic acid 
synthesis is not inhibited diiectly ^n vivo, but only indirectly as a lesult of 
the inhibition of the preparation for nutosis 
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STUDIES ON THE MECHANISM OF FORMALDEHYDE 
INCORPORATION INTO SERINE* 

By ROY L KISLIUK 

{From the Department of Biochemistry, School of Medicine, 

Western Reserve University, Cleveland, Ohio) 

(Received for publication, December 26, 1956) 

Previous work has demonstrated that synthetic 5,6,7,8-tetrahydrofohc 
acid^ stimulates the incorporation of formaldehyde mto serme (2^) 
In the present investigation it is shown that formaldehyde reacts non- 
enz 3 Tnatically with THFA to form precursors of the serme )3-carbon 

Materials and Methods 

Preparation and Assay of Reduced Ptendines — The THFA used m these 
experiments was prepared by hydrogenating 1 gm of commercial folic 
acid (Nutritional Biocheimcals Corporation, Cleveland, Ohio) in 100 ml 
of glacial acetic acid with 500 mg of platmum oxide catalyst (J H Bishop 
Company, Malvern, Pennsylvama) for 6 hours at 25° (5) The uptake of 
hydrogen was then 80 per cent of theoretical After removal of the 
catalyst and unchanged fohc acid by filtration under hydrogen, the THFA 
was precipitated by pounng the glacial acetic acid solution into 500 ml 
of purified ether ® The creamy white precipitate was collected by cen- 
trifugation, washed five times with 300 ml portions of ether, and finally 
dried in vacuo over sodium hydroxide It was stored in darkness under 
mtrogen in sealed ampules Steam distillation of an acid solution of 
this preparation showed that no acetic acid was present When dried 
in vacuo at 100° for 2 hours over phosphorus pentoxide, the loss of weight 
was 6 per cent The dry product yielded 98 per cent of the theoretical 
mtrogen value by the Kjeldahl method (6) and 105 per cent of the theoreti- 
cal iodine titration value 

When hydrogenation was contmued for 20 hours, 133 per cent of the 
theoretical hydrogen uptake occurred, and all of the fohc acid went mto 
solution The iodine titration of the final product was 130 per cent of the 
theoretical value The nature of the substances formed under these 
conditions is not known 

* The results of prelirmnarj’' experiments in this investigation have been reported 
(1) This investigation has been supported b3' the Elisabeth Severance Prentiss 
Fund and by a grant-in-aid from the American Cancer Society upon recommendation 
of the Committee on Grow th of the National Research Council 

‘The following abbreviations have been used THFA = 5,6,7,8-tetrahj drofolic 
acid, DHFA = 7,8-dihydrofolic acid 

* Suggested by Dr L Jaenicke and Dr G R Greenberg 
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DHFA was prepared as described by O’Dell et al (5) It yielded the 
theoretical iodine titration value 
The hydrogenation of 100 mg of 2-ammo-4-hydroxy-6-methylpteridme* 
with 100 mg of catalyst m 10 ml of glacial acetic acid was complete m 

1 hour The reduced pteridme was recoveied after removal of the cata- 
lyst by aUowmg the glacial acetic acid solution to remam tn vacuo over 
sodium hydroxide for 1 week The powder thus obtained yielded the 
theoretical lodme titration value 

The hydrogenation of 130 mg of 10-methylfohc acid® with 130 mg of 
catalyst m 10 ml of glacial acetic acid was complete m 2 hours The 
product, recovered by ether precipitation as descnbed for the preparation 
of THFA, jnelded the theoretical iodine titration value 
Solutions of the reduced pteridme derivatives were dispensed by syringe 
fiom serum bottles filled with hydrogen 

Determination of Bound Formaldehyde — A solution containing formalde- 
hyde and the compound to be tested for bmdmg ability was passed through 
a Dowex 1 chloride^ column (1X3 cm , 10 pei cent cross-linked, 100 to 200 
mesh), which was then washed with water until 10 ml of eluate were 
collected Free formaldehyde is recovered quantitatively by this proce- 
dure After incubation with THFA, the formaldehyde is not completely 
recovered The amount not recovered is referred to as bound formalde- 
hyde In the case of 2-ammo-4-hydroxy-6-methyltetrahydropteridine, 

2 cm of unground Nuchar C (7) were included on the column to lemove 
material which gave rise to a colored product m the Dowex 1 eluate on 
standmg for several hours m air The Nuchar C does not bmd any 
formaldehyde, nor does it cause the release of formaldehyde bound to 


THFA 

Formaldehyde was determmed by the method of Nash (8) m which 
the acetylacetone reagent was employed 

Senne Determination — Senne was determmed by a modification of the 
procedure of FriseU et al (9) which mvolved treatment of the senne with 
periodate and removal of excess periodate from the reaction mixture with 
the Dowmx 1 columns employed in the determmation of bound formalde 
hyde Formaldehyde arising from the /3-carbon of serme is recovere 
quantitatively, w^hereas periodate ion is completely retained by the column 
With this modification, the determination of senne is as sensitive as that 
of formaldehyde 


^ 2-Aiaino-4-hydro\3’^-6-methylptendine and 10-methjdfolic acid were obtaine 
through the courtesj’^ of Dr James Smith, Jr , of the Lederle Laboratories Division, 
American Cyanamid Company, Pearl River, New York j 

^ After removal of the fines the resin was stirred in 1 n HCl for 20 minu es fl 
n ashed on a column with 2 liters of water 
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Enzyme Pi e'parahons — The preparation and aminomuni sulfate fractiona- 
tion of pigeon hver extract after treatment with Dowex 1 and dialysis 
have been described previously (2) 

Assay of Citrovorum Factor Activity — This assay was carried out essen- 
tially by the turbidunetric procedure of Sauberhch and Baumann (10) 
The assay tubes were moculated with 0 07 ml of a washed suspension of 
Lewconosioccifroyorom (Klettreadmg70, No 660 filter) per 10 ml of medium 
prior to the addition of the compound to be tested Barium leucovorm® 
was used as the standard 

Radioactivity Determination — Radioactivity was deterimned on mfimtely 
thm samples as described previously (2) 

Protein Determination — Protem was determmed by the method of 
Lowry et al (11) with bovme serum albumin as the standard 

RESULTS AND DISCUSSION 

When THFA was mcubated with formaldehyde m equimolar concentra- 
tion (0 003 M m 0 1 M potassium phosphate, pH 7 6), 77 per cent of the 
formaldehyde was boimd withm 45 seconds If the mcubation was car- 
ried out for 20 mmutes, no release of the bound formaldehyde could be 
detected If the formaldehyde concentration was mcreased 3-fold, the 
amount recovered mdicated that a maximum of 84 per cent of the THFA 
reacted The remaimng 16 per cent may have been degraded on hydro- 
genation, yieldmg products which take up lodme but do not react with 
formaldehyde 

In order to determme the site of formaldehyde bmdmg, various fohc 
acid analogues were tested for this property (Table I) These data suggest 
that hydrogen atoms on both the 6 and 10 mtrogen atoms of THFA are 
reqmred for formaldehyde bmdmg, smce the compounds lackmg either or 
both of these hydrogens bmd formaldehyde poorly A possible structure 
for the compound formed is shown m Fig 1 , this is a derivative of THFA 
m which mtrogen atoms 5 and 10 are jomed by a methylene bridge 

The results shown m Table I also reveal that, with the exception of 
DHFA, compounds which bmd formaldehyde poorly cannot stimulate 
incorporation of formaldehyde into serme The mechamsm by which the 
DHFA preparation catalyzes this incorporation is not clear It is possible 
that it contains a small amount of THFA Alternatively, DHFA may 
be converted to THFA by the extract by a dismutation reaction m which 
equal amounts of THFA and fohc acid are formed The conversion of 
DHFA to THFA has been reported to be catalyzed by xantlune oxi- 
dase (12) 

‘ Gift of Dr H P Broquist of the Lederle Laboratories Division, American C3 ana- 
mid Companj', Pearl River, New York 
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Although a net increase in free formaldehyde could not be demonstrated 
after allowing a 0 003 M solution of bound formaldehyde to stand m air at 
room temperature for 20 minutes, if one mixes bound formaldehyde-C“ 
with unlabeled free formaldehyde, radioactivity is released from the 

Table I 


Binding of Fot maldehyde by Folic Acid Derivatives 


Denvative 

Added 

CHiO 

recovered 

(non 

enzymatic) 

Radioactivitj in 
senne 

(enzymatic) 


per cent 

cpm 

5,6,7,8-Tetrahydrofolic acid 

15 

36,000 

10-Methyltetrahydrofolic acid 

93 

450 

2-Aimno-4-hydroxy-6-methyltetrahydropteridme 

95 

225 

Leucovorin 

98 

250 

Folic acid 

99 

150 

7,8-Dihydrofolic acid 

94 

3,600 


In the non-enzymatic experiments, 3 #tmoles of CH 2 O were mixed with 4 /imoles of 
pteridine in open test tubes at 27° m 0 1 m potassium phosphate, pH 7 6, in a total 
volume of 1 ml Reaction time, 5 minutes In the enzymatic experiments, 4 nmoles 
of formaldehyde-C*^ (104,000 c p m ), 20iumoles of glycine, 4nmoles of pteridine, and 
Dowex 1-treated, dialyzed pigeon liver extract equivalent to 20 mg of protein were 
incubated in a total volume of 1 ml for 10 minutes at 34° in air in 0 1 m potassium 
phosphate, pH 7 6 


H 



-N-CH 
CHz 
CH2 
COOH 

Fig 1 Proposed structure for the product formed by the reaction of formaldehj do 
with tetrahydrofolic acid 

THFA (Table II) This release appears to be promoted by displace 
ment of bound material by that which is free, smce as more unlabe e 
formaldehyde is added, more radioactive formaldehyde is released ® 
presence of pigeon liver extract did not stimulate the release of bound ma 
terial , 

Although maximal binding occurred at pH 8, the reaction was 
greatly influenced by hydrogen ion concentration between pH 5 4 an 
8 5 Increasing the pH above 8 5 resulted m a sharp decrease in bin mg 
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Experiments performed previously (13) on the effect of hydrogen ion 
concentration on formaldehyde incorporation mto serme m partially 
purified pigeon liver extracts showed that the maximal incorporation 
occurred between pH 7 7 and 8 0 with a sharp drop on either side of these 
values 


Table II 

Effect of Addition of Unlabeled Formaldehyde on Release 
of Bound Formaldehyde-C^* 


CH2O added 

CH2O isolated 

Total C" released 

With 

enzyme 

Without 

enzyme 

With 

enzyme 

Without 

enzyme 

timolcs 

nmoles 

limoles 

c p m 

c pm 

0 

0 12 

0 06 

1,600 

2,500 

2 

1 20 

1 18 

8,700 

10,200 

5 

2 97 

3 30 

14,400 

15,400 

10 

7 26 

8 00 

18,700 

18,300 

15 

12 11 

13 30 

22,400 

20,400 


Bound formaldehyde-C^^ containing 3 8 /unoles of THFA and 2 5 ;umoles of form- 
aldehyde-C‘^ (65,000 c p m ) was incubated in a total volume of 1 ml for 10 min- 
utes at 34° in open test tubes in 0 1 m potassium phosphate, pH 7 6 The enzymatic 
experiments contained, in addition, Dowex l-treated, dialyzed pigeon liver extract 
equivalent to 15 mg of protein At the end of the incubation the mixture was 
poured through Dowex 1 columns as described under “Materials and methods ” 
Protein was removed by adding 1 ml of 20 per cent trichloroacetic acid to the eluate 
obtained from the enzymatic experiments After determination of the formalde- 
hyde in these eluates, carrier formaldehyde was added and precipitated as the dime- 
don derivative The radioactivity values are calculated, assuming 100 per cent 
recovery of the added CH 2 O In order to show that the enzyme preparation was 
active, an identical incubation was carried out in the absence of unlabeled formalde- 
hyde but with 20 jumoles of glycine added 20,700 c p m were incorporated into 
serine 

The results shown m Table III demonstrate that the rate of incorpora- 
tion of free and bound formaldehyde mto serme is approximately the 
same If the bound formaldehyde is intermediate m the incorporation 
of formaldehyde into serme, one would expect that the rate of its mcorpora- 
tion would be at least as fast as the rate at which free formaldehyde is 
mcorporated 

The possibihty that the bound formaldehyde is converted to free formal- 
dehyde prior to its condensation with glycme has been investigated 
Bound radioactive formaldehyde was incubated with pigeon liver extract 
supplemented with glycme m the presence of unlabeled foimaldehyde 
The specific activity of the serme formed was determined at various time 
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intervals as shown m Table IV If all of the bound formaldehyde was 
released before incorporation into serine, the maximal specific activity of 
the serine would be 4600 c p m per /xmole The decrease in the specific 
activity of the serine with time is presumed to result from the incorpora- 
tion of unlabeled formaldehyde into serme via free THFA This expen- 
ment demonstrates that bound formaldehyde can be converted to the 
serine /3-carbon without being released from THFA 
Experiments on the abihty of bound formaldehyde to support the 
growth of L citrovoTum have shown that it is 1/1300 as active as leucovonn 
on a molar basis THFA under the same conditions was 1/2000 as active 

Table III 


Comparison of Rale of Serine Formation from Free and Bound Formaldehyde 


Time 

Total activity of serme 

From bound CHsO 


tntrt 

c p m 

cpm 

0 5 


1,700 

1 0 


2,000 

2 0 


3,600 

5 0 


7,000 

8 0 


10,400 


Doi\e\ 1-treated, dialyzed pigeon liver extract equivalent to 12 mg of enzyme 
protein, 20 Mmoles of glycine, 7 Mmoles of THFA, and 3 4 Mmoles of formaldehyde C 
(88,400 c p m ) were incubated in a total volume of 1 ml at 34'’ in open test tubes in 
0 1 m potassium phosphate, pH 7 6 In the bound formaldehyde experiment, the 
THFA and formaldehyde were incubated together 5 minutes prior to addition to the 
enzxme and glycine In the free formaldehyde experiment, the THFA was include 
vith the enzyme and the glycine The formaldehyde was added last 

as the standard compound The THFA-formaldehyde mixture did not 
inhibit the growth response of this organism to leucovonn 

The extent of the conversion of bound formaldehyde-C*^ to serine 
S-carbon is shown in Table V After prolonged incubation and the addi- 
tion of fresh enzyme, a maximum of 63 per cent of the added formalde- 
hyde was incorporated into senne Most of the remainder of the added 
radioactivity could be recovered as free formaldehyde after acid treat 
ment of the incubation mixture Deodhar® has observed the conversion 
of 80 per cent of added formaldehyde to serine in an enzyme preparation 
extracted from rat hver mitochondria These results indicate that, i 
50 per cent of the bound formaldehyde is associated with the n form o 

‘Deodhar, S D , personal communication 
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Table IV 

Specific Activity of Senne Formed from Bound Formaldehyde-C^^ 
in Presence of Unlabelcd Formaldehyde 


Incubation time 

Specific activity of serine 

vttn 

c p m per fitnolt 

0 5 

24,000 

1 0 

23,000 

2 0 


5 0 



Four solutions containing 39 5 /imoles of unlabeled formaldehyde, 98 pmoles of 
glycine, 198 /imoles of potassium phosphate, pH 8, and Dowe\ l-treated, dial 3 ’^zed 
pigeon liver extract equivalent to 120 mg of protein were incubated at 34° in 2 X 17 
cm test tubes for 5 minutes in a total volume of 4 ml During this time a THFA- 
C1''H20 solution was prepared containing 8 5 /imoles of C“H20 (26,000 c p m per 
/imole), 16 /imoles of THFA, and 150 /imoles of potassium phosphate, pH 8, per ml 
1 ml of this mixture vas pipetted into each of the enzyme solutions, and the incuba- 
tion was carried out for the appropriate time interval Each incubation was ter- 
minated by freezing the mixture in a drj' ice-Cellosolve bath 3 ml of 20 per cent 
trichloroacetic acid were then added, and the solution was thawed Serine was iso- 
lated from the protein-free supernatant solution by chromatography on Dow ex 50, 
and the serine was determined as described The results shown are the average of 
tw 0 serine determinations 


Table V 

Extent of Conversion of Bound Formaldehyde-C^* to Serine 


Incubation tune 

Activity in senne 

Activity of reco\ered CHsO 

Radioactivity 

recovered 

min 

C P VI 

c p in 

per cent 

30 

50,000 

40,000 

96 

60 

54,000 

34,000 

94 

120 

54,000 

32,000 

92 

120* 

58,000 

22,600 

87 

180t 

60,000 

1 

19,800 

85 


3 6 ;umoles of formaldehyde-C“ (94,000 c p m ), 4 0 jumoles of THFA, 20 /imoles of 
glycine, 10 mg of enzj^me protein (24 to 47 per cent ammonium sulfate fraction of 
pigeon liver extract), and 1 iixaole of pjndoxal phosphate were incubated under 
hydrogen in Thunberg tubes at 34° The reaction was stopped by adding 1 ml of 
20 per cent trichloroacetic acid solution Unchanged formaldehj de-C*‘ was iso- 
lated from the water wash of the Dow ex 50 columns used to isolate serine from the 
protem-free supernatant solution as the dimedon derivative 

♦ After incuiiation for 60 minutes, an additional 10 mg of enzj me protein w ere 
added, and the incubation was continued for 60 more minutes 

t After incubation for 120 minutes, an additional 10 mg of enzjme protein were 
added, and the incubation was continued for 60 more minutes 
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THFA and 50 per cent with the l form, a pathway must exist for the 
conversion to senne of some of the foimaldehyde bound to the unnatural 
form This could occui by a diiect tiansfer of a foimaldehyde unit from 
one of the forms of THFA to the other A compound mvolving a methyl 
ene bridge between the two isomers of THFA could be an mteimediate 
m this process The possibihty that the biologically inactive form might 
release its formaldehyde, which could subsequently condense with the 
active isomer of THFA, has not been excluded It is also possible that 
the active form of THFA is formed m a predominant amount m the reduc 
tion of folic acid, or that both isomers are biologically active 


CH2O + THFA 


H 



+ H2O 


H 



+ 


CH2OH 
CHNH2 
CO OH 


J^CH2NH2C00H 

H 



CHNH2 

COOH 


Fig 2 Suggested outline of the pathway of formaldehyde incorporation into 
serine 


Paper chromatography at 3° of a mixture of formaldehyde-C^^ and 
THFA on Whatman No 1 filter paper, with 0 1 m potassium phosphate 
at pH 8, as the solvent revealed two radioactive spots (Rf 0 27 and Ef 
0 41) containmg approximately the same amount of radioactivity It 
possible that these represent diastereoisomers, smce THFA contams a 
second asymmetnc center m the L-glutanuc acid moiety Two radio- 
active peaks could also be obtamed if a mixture of formaldehyde-C^^ an 
THFA was chromatographed on Whatman standard grade cellulose wit 
the same solvent Only about 60 per cent of the added radioactivity nas 
recovered m these two compounds Further work is reqmred to 
mine the relationship of these two compounds to each other and to 
two formaldehyde denvatives of THFA formed on the breakdown 0 
serme m the rat hver system descnbed by Deodhar et al (14) 

One noight visuahze the conversion of formaldehyde to serme as s own 
m Fig 2 
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The fiist step would be the non-enzymatic condensation of formaldehyde 
with THFA to foim a methylene bridge compound between positions 5 
and 10 This compound has been suggested (3) as a possible stiuctuie 
for the active formaldehyde derivative The fact that both the 5 and 10 
mtrogen atoms must have fiee hydrogen atoms in order that tetrahydro- 
pteridme derivatives may retain their abihty to bind formaldehyde sup- 
ports this suggestion The next step would be the condensation of this 
derivative with glycine which has been activated by the serme hydroxy- 
methylase (2) enzyme which possesses pyridoxal phosphate as its cofactor 
(15, 16) It IS not known whether the formaldehyde remains bound to 
the THFA through the 5 or 10 mtrogen atom m the derivative thus formed 
In either case, hydrolysis of this derivative would give rise to serme and 
the free pteridme 

Recent work by Jaemcke (17) has indicated that a mixture of formalde- 
hyde and THFA is rapidly oxidized to 10-formyl-5,6,7,8-tetrahydrofohc 
acid by a pigeon liver system requiring triphosphopyridme nucleotide 
It IS likely that the active compound formed m the mixture is the same as 
the compound active for serme /3-carbon formation 

The author is indebted to Dr Warwick Sakami and Dr Merton F 
Utter for much helpful advice 


SUMMARY 

It has been shown that formaldehyde reacts rapidly and non-enzymati- 
cally with 5,6,7,8-tetrahydrofohc acid to form one or more compounds 
which are active precursors of the ^-carbon of serme 

Both the 5 and 10 positions of the reduced pteridme appear to be involved 
m formaldehyde bmdmg and serme formation 

A modification of a pubhshed method of serme determination is described 
which makes this procedure as sensitive as that for formaldehyde 
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BACTERIAL FERMENTATION OF NICOTINIC ACID 


' I END PRODUCTS 
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{From the Laboratory of Cellular Physiology, National Heart Institute, National 
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(Received for publication, January 7, 1957) 

The abihty of certain bacterial species to oxidize nicotinic acid was first 
reported by Albson (1) who used suspensions of bacteria isolated by Dubos 
and Miller (2) Koser and Baird (3) later isolated strains of Pseudomonas 
fluorescens which grew on a S3mthetic medium m which mcotmic acid was 
the sole carbon source These strams did not attack isomcotmic acid, 
picohmc acid, or p 5 aidine Nichol and Michaehs (4) then demonstiated 
that the destruction of mcotimc acid by this orgamsm was an oxidative 
process accompamed by an uptake of oxygen Most recently Hughes (5), 
usmg the same orgamsm, has presented evidence that 6-hydroxymcotimc 
acid IS an mtermediate m oxidative degradation of mcotimc acid 

Theie has been no previous study of the degradation of mcotmic acid 
by anaerobic bacteria By means of the enrichment culture techmque an 
anaerobic spore-forimng rod has been isolated which ferments mcotmic 
acid and which utihzes high concentrations of this compound for its growth 
The dependence on a high concentration of mcotimc acid for anaerobic 
growth suggests that the compound may serve as an energy, carbon, or 
mtrogen source for growth This report presents evidence showmg that 
the fermentation of mcotimc acid results in the formation of acetate, pro- 
pionate, ammoma, and CO 2 The anaerobic bacteria reported here may 
provide a system for the investigation of the mechamsm of the direct uti- 
hzation of the energy of mcotmic acid and of the nature of the mtermedi- 
ates involved A preliminary report (6) of this study has been published 

Materials and Methods 

Isolation Procedure — ^The mcotimc acid-degradmg oigamsm was iso- 
lated from mud of the Potomac River A small amount of mud was sus- 
pended m 50 ml of a solution contammg 0 5 per cent mcotmic acid and 
0 03 per cent Na 2 S 9 H 2 O in a ground glass-stoppered bottle Precautions 
were taken to exclude air After 3 weeks mcubation at 37° some tur- 
bidity was noted The culture was mixed thoroughly and 5 ml were 

* Present address. Radioisotope Service, Veterans Administration Hospital, Long 
Beach, California 

Fellow of the American Cancer Society 
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transferred to a solution of 0 5 per cent nicotinic acid, 0 03 per cent NaiS - 
9H2O, 0 2 per cent peptone, 0 2 per cent yeast extract, 0 05 m phosphate 
buffer at pH 7 4, and a salt solution made up of 0 002 per cent MgS0^ - 
7H2O, 0 0001 pel cent CaCb 2H2O, and 0 0001 per cent FeCb 7H2O The 
mixture was meubated at 37° until maximal turbidity was reached, at 
which time 50 to 80 per cent of the mcotmic acid had disappeared A 
culture was obtained after three serial transfers m the above medium which 
was relatively free of impurities from the mud The utihzation of mco 
tunc acid was followed by noting the disappearance of absorption charac- 
teristic of mcotmic acid at 260 mju By means of dilution m anaerobic 
agar shake cultures several colomes were isolated 
Preparation of Cells — The bacteria were grown in 20 hter bottles in 
media containmg 0 4 per cent nicotimc acid, 0 2 per cent peptone, 0 6 per 
cent yeast extract, 0 05 m phosphate buffei at pH 7 4, the salt solution 
previously described, and 700 mg of Na2S204 After incubation at 37° 
for 3 days the cells were harvested m a Sharpies centrifuge and washed 
twice vuth 10 volumes of ice-cold, 0 03 per cent Na2S 9H2O and then ly- 
ophihzed and stored at —15° Cell suspensions were prepared with 100 
mg of bacteria per ml of ice-cold distilled H2O 

Growth Charactenshes — The abdity of this orgamsm to grow on varying 
concentrations of nutrient was determmed by measurmg with a lOett 
colorimeter the density of growmg cultures at various tune periods 
Separation and Identification of Acid Products — ^The volatile acids pro 
duced durmg growth and diumg incubation with restmg cell suspensions 
were separated from the acidified reaction mixture by steam distillation in 
a Markham type still (7) An ahquot was titrated and chromatographed 
on Whatman No 3 filter paper, washed with oxahe acid, and developed 
with butanol-H20-diethylamine (100 15 1) (8) 

The per cent of each acid m the acid mixture wms also determined by 
Duclaux distillation Further identification was achieved by separation 
of the acid mixture on a sihca gel column according to the method of Els- 
den (9) The separated acids were chromatographed on paper and also 
determmed by Duclaux distillation Acetic acid was also identified as the 
sodium uranyl salt (10) 

Nicotmic acid was determined by the method of Hughes and William- 
son (11) and ammoma by nesslerization 

Results 

Colony Farm and Morphology — Of the colomes isolated from the an 
aerobic shake culture one contained a pure culture of an anaerobic ac 
tenum that could degrade mcotimc acid This orgamsm produced sma , 
disk-shaped, smooth, translucent, and colorless colomes The bacterium 
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IS a small motile lod contammg teimmal spores and thus belongs m the 
genus Clostridium No fuithei identification has been made 

Giowth Begun emenis — -The composition with lespect to peptone and 
yeast extiact was varied as shown in Table I Within the limits of cou- 
centiations used 0 2 per cent peptone and 0 6 pei cent yeast extiact gave 
the best groivth and this level was chosen for large scale pieparations 
Casern hydrolysate would not serve as a substitute for peptone and the 
effect of yeast extract could not be reproduced by a vitarmn mixture con- 
taimng 10 y each, per ml of medium, of biotin, calcium pantothenate, 
pyiidoxaimne, folic acid, vitamins A and D, thiarmne, tocopherol, inositol, 

Table I 

Optimal Concentration of Yea^t Extract and Peptone for Growth 


The medium otherwise contains 0 03 per cent Na 2 S OHjO, 0 05 m phosphate buffer, 
0 5 per cent nicotinic acid, and 1 per cent of a salt solution made up of 0 002 per cent 
MgS 04 THaO, 0 0001 per cent CaCU 2 H 2 O, and 0 0001 per cent FeCls 7 H 2 O 


Peptone, final concentration 

Yeast extract, final concentration 

Growth after 96 hrs , density 

fer cent 

per cent 

Kiel! reading 

0 2 


25 

0 4 


25 

0 6 


47 

0 2 

0 2 

47 

0 4 

0 2 

71 

0 6 

0 2 

68 

0 2 

0 4 

97 

0 2 

0 6 

141 


0 2 

33 


0 4 

32 


0 6 

99 


riboflavm, p-aimnobenzoic acid, mcotmamide, and ascorbic acid The 
high level of yeast extract used mdicates that the factor responsible may 
be actmg as a substrate A prehmmary exammation of other possible 
substrates for this bactena showed that glucose is by fai the most effective 
compound for its growth, yieldmg 2 to 3 times more bactena than does 
mcotmic acid Pyruvic acid and mcotmamide achieved the same giowth 
response as mcotmic acid, while DL-alamne, /3-alamne, picolimc acid, iso- 
mcotimc acid, and iV-methylmcotmamide were ineffective The abUity of 
glucose to support growth suggests the possibdity that the abihty to de- 
grade mcotimc acid is adaptive and this pomt is now under mvestigation 
By usmg 0 6 per cent yeast extract and 0 2 per cent peptone, which had 
been deteimmed as the best concentrations for growth m the presence of 
mcotimc acid, the concentration of mcotimc acid was vaned As mdi- 
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cated in Fig 1 there was no groM*th in the absence of nicotinic acid There 
IS increasing gro^dh wnth increasing concentiations of nicotimc acid reieh 
ing a ma'amuni at 0 4 per cent 

End Prodiicts — In a 2 htei grownng culture incubated for 7 da 3 's at 37° 
it was found that 156 mmoles of nicotinic acid had disappeared and 3G0 
pinoles of steam- volatile acid were formed For each acid equivalent of 



PER CENT NICOTINIC ACID 

Fig 1 The effect of mcotmic ncid on anaerobic gron th as measured b} the densiti 
of the cultures 

mcotimc acid disappearmg, appioxunatelj'' 2 acid equivalents of steani- 
volatile acid v ere thus formed 

ith resting cell suspensions mcotmic acid is fermented vithout jei?t 
extract, peptone, or the salt mixture As shoMTi m Table II, vhen luco 
tunc acid is incubated with a resting cell suspension in a bicarbonate buffer 
sj^stem with 95 per cent mtrogen-5 per cent CO 2 as the gas phase (pH 1 !)» 
1 mole each of propiomc acid, acetic acid, and ammoma is formed for each 
mole of mcotmic acid that disappears There is also a net formation of 1 
mole of acid per mole of mcotimc acid fermented, as measured bj' the ei 0 - 
lution of CO; from the bicarbonate buffer (see also the data of Table IH) 
Since the com ersiou of mcotimc acid to acetic acid, propiomc acid, uo 
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ammoma should not lead to the observed net increase m acidity, an addi- 
tional acid product must be formed This product has been identified as 
CO 2 The data of Table IV show that the fermentation of mcotmic acid 


Table II 

End Products of Ntcohmc Acid Fermentation 


Compound 



nmoles 

Nicotinic acid disappeared 

131 

Ammoma formed 

122 

Acetic acid formed* 

110 

Propionic acid formed* 

107 

Net acid productionf 

109 


The incubation flask contained 131 pmoles of nicotinic acid, 0 025 m EIHCO3, 
5 6 ml of bacterial suspension (30 mg per ml ), and water to a volume of 28 ml 
Incubated in an atmosphere of 5 per cent COj-OS per cent nitrogen, at 36°, until gas 
production ceased Nicotinic acid was deternuned by the cyanogen bromide method 
(11), ammoma by nesslerization, propionic and acetic acids by Duclaux distillation, 
silica gel separation, and identified by paper chromatography, and acid production 
was measured by CO2 release from bicarbonate buffer All values corrected for 
endogenous metabolism 

* A total of 345 ^jmoles of steam-volatile acids, composed of acetic and propionic 
acids, was produced A comparable cell suspension incubated without nicotinic 
acid produced 128 /imoles of acetic acid 

t The endogenous production of net acid was 37 mmoles 

Table III 
CO; Production 

The additions are as follows 20 mg of washed cell suspension, 200 ^nmoles of buffer, 
pH 6 0, nicotinic acid as indicated, H2O to 2 ml final volume Gas N2, temperature 
26° Reaction started mth the tipping of the bactena and continued to cessation of 
gas production In a comparable vessel incubated without nicotinic acid 3 0 /imoles 
of CO2 were formed Figures given corrected for endogenous metabolism 


Nicotinic acid added 

CO 2 produced 

nmoles 

nmoles 

0 94 

0 82 

1 89 

1 65 

3 76 

3 25 


in a bicarbonate-free medium (pH 6 0) results in the release of 1 mole of 
CO 2 per mole of nicotimc acid added 
The results of the abote experiment may be formulated accordmg to 
the following equation 

(1) 4H:0 -f C5H4NCOOH NH3 -f CO: -f CHjCOOH + CHjCHiCOOH 
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SpecificiUj — ^Various compounds related structurally to mcotinic acid 
were tested for acid production activity Pyridine, picolimc acid, iso 
mcotimc acid, quinolimc acid, isocmchomeiomc acid, anthranilic acid, 
p-aimnobenzoic acid, 3-liydroxyanthranilic acid, kynuremc acid, and 
iV-metliylmcotmanude were inactive Nicotmanude, on the other hand, 
was found to be as active as mcotimc acid 


Table IV 
Acid Production 

The additions are as follows 20 mg of washed cell suspension, 50 /unoles 
of KHCOs, mcotimc acid as indicated, HjO to 2 ml final volume Gas 5 per cent 
CO 2 in Ns, temperature 26° Reaction started with the tipping of the bactena and 
continued to cessation of gas production In a comparable vessel incubated without 
mcotimc acid 1 6 /imoles of acid were formed Figures given corrected for endoge 
nous metabolism 


Nicotinic acid added 

Acid produced 

iimoles 

fitnoles COi 

0 94 

0 94 

1 89 

1 88 

3 76 

3 20 

5 65 

4 70 

7 60 

6 15 


DISCUSSION 

The role mcotmic acid plays m the growth of the oigamsm isolated is 
open to speculation The high concentration needed for maximal growth 
pomts to its role as a substrate serving as an energy, carbon, or mtrogen 
source for growth The possibihty exists that a series of intermediate 
oxidation-reduction reactions takes part m the process This would most 
certaml}’- be the case, if as seems possible, the oigamsm derives energy 
growth from this fermentation 

Very httle may be said about the steps m the degradation from a con 
sideration of the end products, however, if one assumes that these com- 
pounds are not reformed from smaller components, the products place a 
limit on the possibihties The observation that pyridine wiU not act as a 
substrate indicates that the decarboxylation of mcotimc acid is not 1 
first step 

On the basis of these facts and other knovm reactions, two routes for ic 
degradation of mcotmic acid may be postulated as showm in Pig 2 

One may postulate, as in Route A, a cleavage between the mtrogen a 
and carbon 2 or 6 and between carbon atoms 3 and 4 to yield interroe m 
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that may be directly conveited to propiomc and malomc acids, malonic 
acid may then be decarbo\yIated to acetic acid and CO 2 (12) A cleavage 
between the mtrogen atom and carbon atom 2 or 6 and between carbon 
atoms 4 and 5 would yield compounds which could be converted to acetic 
and methylmalomc acids Methylmalonic acid is known to be decar- 
boxylated to piopionic acid and CO 2 in other organisms (13) Evidence 
IS presented elsewhere which suggests the intermediary formation of 6-hy- 
droxymcotimc acid in the degradation of nicotinic acid (14) This is fur- 
ther support for the hypothetical cleavage between the mtrogen atom and 
carbon 6 

The specificity studies show that only mcotimc acid and mcotinanude 
are active m supporting growth of this orgamsm That the latter com- 
pound IS active suggests the presence of an enzyme which hydrolyzes nico- 


6 5 4 7 3 2 2or7 3 20^7 

C H,-C H^-COOH + COOH-CH»-C OOH->C CL+C H;C OOH 
y? 3 2 2 -2 3 

A 


B 4 /" T 

5C ' ,^C3 
I / ' 

6C^/ X2 


AB ' ^ 


,C^OOH 


C^j-CpOOH+C^Hj-C^'^ -C^OOH+Cpa 

''COOH ^ 


Fig 2 Possible routes of nicotinic acid degradation 


tinamide to mcotmic acid and ammoma None of the intermediates, such 
as kynuremc, anthramhc, 5-hydroxyanthramhc, and qmnohmc acids, 
which have been shown to give rise to mcotmic acid in mammahan tissue, 
IS fermented 


SUMMAEY 

An anaerobic bacterium has been isolated from the soil which ferments 
mcotimc acid to propiomc acid, acetic acid, carbon dioxide, and ammoma 
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As pieviously reported (1-3), an anaerobic bacterium has been isolated 
from soil which ferments mcotimc acid (NA) according to the following 
equation 

( 1 ) 4H2O + CsHiNCOOH -> CH3COOH + CH3CH2COOH + CO2 + NHs 

Although the over-all leaction requires no external energy source, the 
nature of the end products indicates that at least two oxidation-reduction 
steps occur during the reaction It was of interest, therefore, to test the 
effect of an oxidizing agent on the fermentation of NA One may in this 
manner foice the accumulation of a more oxidized compound which may 
be an mtermediate m the fermentation or may be derived from an mter- 
mediate The oxidation of NA by methylene blue to 6-hydroxymcotinic 
acid (HNA), catalyzed by a mcotinic acid-fermentmg orgamsm, is the 
subject of this report 


EXPERIMENTAL 

Methylene blue oxidations were performed in Thunberg tubes contam- 
ing methylene blue and mcotinic acid in the side arm and bacteria and 
buffer m the mam space Before tipping, the tubes were kept in an ice 
bath and evacuated for 5 minutes with frequent tapping to lelease trapped 
air The reaction was started -with tippmg m of the methylene blue and 
the substiate and terimnated, after complete decolor ization, by boihng the 
reaction mixture foi 5 minutes The same procedure, except for the 01 ms- 
sion of methylene blue, was carried out in the fermentation experiments 
In this case the incubation time was fixed at 1 hour 

Analytical Methods — ^The supernatant flmd of the reaction nuxture was 
used directly for chromatography For the radioisotope experiments 0 1 
ml of the supernatant fluid was streaked on washed Whatman No 3 paper 
and chromatographed in a mixture of methyl eth 3 d ketone, ferf-butanol, 

* Supported in part by Research Grant E-1457 from the National Heart Institute, 
National Institutes of Health, Public Health Service 
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diethylarmne, and H 2 O (40 40 1 20) The radioactive bands were eluted 
with 0 05 N NaOH The eluates were collected and adjusted to a final 
volume of 2 ml Ahquots were used for detemunation of concentration 
m the Beckman spectrophotometer and for radioisotope determination 
A small blank from the paper was used for correction m the determination 
of the concentration 

Detemunation of the stoichiometry of this reaction was made possible by 
the quantitative elution of the acids from the paper chromatograms and 
the determmation of their concentrations from their absorption at 260 
mu The absorption coefficient of NA and HNA at 260 m/i in 1 n HCl is, 
respectively, 5 2 X 10’ and 1 26 X 10^ The absorption coefficient of 
methylene blue at 660 m/i at pH 3 5 is 7 4 X 10^ (4) 

Radioisotope Determination — Disks of paper weighing 2 mg per cm’ 
were centered m metal planchets to which was added 0 1 ml of 0 1 per 
cent agar solution After drying under infrared lamps, no more than 0 05 
ml of the sample to be counted was introduced on the paper at one time 
and then dried They were counted with a thin -window Geiger-Muller 
tube A correction factor for the weight of paper and sample was used 
according to Libby (5) 

Ion Exchange Chromatography — HNA and NA were also separated by 
ion exchange chromatography with IRA-400 in a column 30 cm long by 
1 3 cm in diameter The resin was prepared by cychng with 2 n NaOH 
and 2 N HCl until the absorption at 260 m/i reached a mimmal constant 
value, washed -with 2 n sodium formate until the eluates were free of chlo- 
ride ion, and then washed -with 200 ml of distilled H 2 O The sample 
contaimng neutralized NA and HNA was introduced m 10 ml of H-0, 
washed through with 100 ml of H 2 O, and developed with 0 28 M sodium 
fonnate made alkaline to pH 10 5 Fractions of 10 ml each were col 
lected at the rate of 1 ml a minute until all the NA was eluted After 
the elution of NA several more fractions were collected and then the de 
veloping solution was changed to 2 n formic acid for elution of the HNA 
The concentration of the acids was determined by their absorption at 260 
mfi NA -R'-as easily differentiated from HNA by the fact that HNA has 
a high absorption at 290 my and NA has httle The fractions containing 
NA and HNA were pooled separately, acidified -with H2SO4, and steam 
distilled to remove the formic acid Each sample was then extracted w 
ether, evaporated to dryness, and taken up in H 2 O 

Materials — -Radioactive mcotimc acid was a gift from Alan H Me 
6-Hydro\ynic,otinic acid was obtamed from H Light Company, Ltd , 
don 
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Results 

Methylene Blue Oxidation of Nicotinic Acid — 10 jumoles of NA were incu- 
bated with 10 Mmoles of methylene blue, 40 mg of lyopluhzed bacteria 
suspended in 0 03 pei cent Na 2 S 9 H 2 O, and 300 /imoles of potassium phos- 
phate buffer, pH 7 4, in vacuo, at 25° in a Thunberg tube Within 2 hours 
all of the methylene blue was decolorized After inactivation of the bac- 
teria, and centrifugation, an ahquot of the supernatant flmd of the reaction 
mixture was chromatographed on paper with water-saturated butanol and 
formic acid (95 5) as the developmg solvent The ultraviolet-absorbing 
spot coriespondmg to NA, = 0 80, disappeared and a new spot with 
an Rp of 0 70 appeared, mdicatmg that NA had been transformed to a 
new compound by the action of methylene blue, catalyzed by the bacteria 
The new spot was eluted from the paper and the ultraviolet absoiption 
spectrum proved to correspond to the spectrum of 6-hydroxymcotimc acid 
which has been shown by Hughes (6) to be a metabohte in Pseudomonas 
fluorescens 

A larger scale experiment with 2 5 gm of lyophihzed bacteria and 0 5 
mmole of NA was set up The supernatant flmd was concentrated in 
vacuo to a small volume, then streaked on solvent- and alkah-washed What- 
man No 3 paper, and chromatographed with a mixture of methyl ethyl 
ketone, <eri-butanol, diethylamine, and H 2 O (40 40 1 20) as the develop- 
ing solvent The band correspondmg to HNA was eluted, neutrahzed, 
and evaporated m vacuo to dryness The residue was dissolved in a small 
volume of hot distilled H 2 O and a small amount of Norit was added After 
filtration the HNA crystalhzed upon coohng The material was crystal- 
hzed three more times and jnelded 20 mg of crystals that melted at 308- 
309° (imcorrected) Authentic HNA also melted at 308-309° (uncor- 
rected) and a mixed meltmg pomt of the experimental and authentic 
sample showed no melting pomt depression The absorption spectrum of 
the experimental sample was directly superimposable on that of an authen- 
tic sample over most of the range (Fig 1) 

Oxidation of C^^-Carhoxyl-Labeled NA — ^To estabhsh conclusively that 
the HNA isolated from the bacteria was formed from NA oxidation, C*^- 
carboxyl-labeled NA was incubated vuth two concentrations of methylene 
blue In Table I it may be seen that radioactive HNA was formed m both 
experiments and, within experimental eiror, had the same specific radio- 
activity as the startmg NA 

Stoichiometry — In order to determme the stoichiometry of the reaction, 
5 1 jLtnioles of NA were incubated mth 1 87 unioles of methylene blue and 
40 mg of bacteria After complete decolorization of the methylene blue 
it was found that 3 4 ^moles of NA remamed and 2 01 Mmoles of HNA were 
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formed These results and those for Experiment 2 m Table I demon- 
strate a stoichiometric conversion of the reactants to the products Thus 
the reaction may be formulated by the followmg equation 

(2) H»0 -f nicotinic acid + methylene blue — > 

6-hydroxynicotinic acid reduced methylene blue 



WAVE LENGTH 

Fig 1 Absorption spectrum of 6-hydroxynicotinic acid in 1 n HCl 


Table I 

Oxidation of Radioactive Nicotinic Aaid 
The additions are as follows 5 1 ^moles of nicotinic acid (specific activity = 
c p m per y), 300 /imoles of potassium phosphate buffer, pH 7 4, 40 mg of bacteria, 
methylene blue 3 74 /imoles in Experiment 2 and 1 87 /imoles in Experiment 3 Fino 
volume = 3 0 ml , temperature = 25° Reaction started with tipping in of methjl 
ene blue and substrates and terminated, at completion of decolorization of meth) 
ene blue, by boiling for 5 imnutes 



Expenment I 

Experunent 2 

Experiment 3 


NA (5 !)• 

NA (1 3)* 

HNA (3 6)* 

NA (3 4)* 

HNA (2 01)’ 

Specific activity 

c p m per 
nmole 

96,500 

c Pm per 
nmole 

94,700 

c pm per 
nmole 

97,000 

c p m per 
nmole 

98,000 

1 

cpm 

litrtoU 

88,000 


* Micromoles at the end 


Formation of HNA during Fermentation — It was of interest to determine 
whether, durmg the fermentation of NA, formation of HNA could be e 
tected An experiment was performed with C*^-carboxyl-labeled i” 
the absence of methylene blue The conditions and the results are is e 
m Table II Experiment 1, Table II, was a zero time control in whic a 
additions were made and the reaction mixture was immediately inactiva 
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bjf boiling foi 5 minutes It was then mcubated at the same tempeiatuie 
and foi the same length of time as the othei expeiiments In Experi- 
ment 2, in which only ladioactive NA was added imtially, a small amount 
of labeled HNA was foimed In Expeiiment 3, in which both labeled 
NA and unlabeled HNA weie mcubated together, the reisolated acids had al- 
most equal specific ladioactivities The piesence of unlabeled HNA dnr- 
ing the incubation inci eased the amount of labeled HNA formed and led 
to a lowering of the specific ladioactivity of NA These lesults may be 
explained b}’’ assunnng that the conversion of NA to HNA is reversible 
Unlabeled HNA may act as an oxidizing agent forming, from radioactive 
NA, radioactive HNA In turn the non-radioactive HNA may be re 

Table II 

Oxidation of NA to HNA during Fermentation of NA 
The additions are as follows 2 /nmoles of NA (specific activity = 600 c p m per 
7 ), 5 /nmoles of HNA as indicated, 300 /nmoles of potassium phosphate buffer, pH 7 4, 
40 mg of bacteria Experiment 1 is a complete system inactivated at zero time Ex- 
periment 2 contained NA during incubation and HNA added after inactivafion 
Experiment 3 contained both NA and HNA during incubation Final volume = 
3 0 ml , temperature = 25°, incubation time = 1 hour Reaction started with tip- 
ping in of substrates and ended with boiling for 5 minutes 



ETperunent 1 

Experiment 2 

Experiment 3 


NA 

HNA 

NA 

HNA 

NA 

HNA 


c p m 
per fimoU 

c p m 
per 
pinole 

c p in Per 
nmole 

c p m per 
nmole 

c p m per \ 
nmole . 

c p m per 
nmole 

Specific activity 



1 75 X 10^ 

i 

1 45 X 10^ 

7 26 X 105 

6 3 X 105 


duced to non-radioactive NA, thus reducing the specific radioactivity of 
the NA It may be readily perceived that under these conditions the 
concentration of HNA and NA would not be altered despite the change 
in concentration of labeled compounds With this bacterial preparation 
veiy httle fermentation occuned and the concentration of the acids did 
not appreciably change 

Radioactive NA and HNA from these experiments were chromato- 
graphed in eight different solvent systems and the position of the experi- 
mentally produced HNA was found to coiiespond to that of an authentic 
sample (Table HI) The radioactivity, determined by cutting the paper 
chiomatogiams into 1 cm stiips and counting them vnth an ultrathin 
window Geigei-Mullei tube, was directly supeiimposable on the ultra- 
violet-absoibing spots No ladioactivity or ultraviolet-absorbing spots 
M ei e found an 3 'xi hei e else on the papei A radioautograph demonstrated 
the same lesults (Fig 2) 
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formed These results and those for Experiment 2 in Table I demon 
strate a stoichiometric conversion of the reactants to the products Thus 
the reaction may be foimulated by the followmg equation 

(2) H 2 O + mcotimc acid + methylene blue — ^ 

6-liydro\ynicotimc acid + reduced methylene blue 



Fig 1 Absorption spectrum of 6-hydrovynicotinic acid in 1 N HCl 

Table I 

Oxidation of Radioactive Nicotinic Acid 
The additions are as follows 5 1 iimoles of nicotinic acid (specific activity = id 
c p m per y), 300 /imoles of potassium phosphate buffer, pH 7 4, 40 mg of bacteru, 
methylene blue 3 74 ^moles in Experiment 2 and 1 87 /xmoles in Experiment 3 f' 
volume = 3 0 ml , temperature = 25° Reaction started with tipping in of met J 
ene blue and substrates and tenmnated, at completion of decolorization of met ) 
ene blue, by boiling for 5 minutes 


! 

1 

Experiment 1 

Experiment 2 

Experunent 3 

NA (5 !)• 

NA (1 3)* 

HNA (3 6)* 

NA(3 4)* 

HNA (2 Ob* 

Specific activity 

c p m per 
fitnole 

96,500 i 

1 

c p m per 
fimole 

94,700 

c pm per 
^moU 

97,000 

epfrt Ptf 
fitnole 

98,000 

cpn 

88,000 


* Micromoles at the end 


Formation of HNA during Fermentation — It was of interest to 
whether, during the fermentation of NA, formation of HNA 
tected An experiment was performed with C^^-carboxyUabeled i 
the absence of methylene blue The conditions and the results are 
in Table II Experiment 1, Table II, was a zero tune control m 
additions were made and the reaction mixture was immediately mac 1 
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Foimalion of NA fiom HNA — Radioactive HNA was isolated from the 
pievious evpeiiments and used to demonstrate the reversibility of the reac- 
tion In Table IV are the results of such an experiment Experiment 1 
was a zeio time contiol and contained both radioactive HNA and unla- 
beled NA Expel iment 2 contained only labeled HNA Experiment 3 
contained labeled HNA and unlabeled NA during the incubation period 
The foimation of NA from HNA demonstrates the reversal of the reac- 
tion Only in Experiment 3 was there appieciable foimation of radio- 
active NA, indicating that NA was necessary for the reaction to proceed 
Here, too, there was no appreciable change m the concentration of reac- 
tants In order to check the lesults of the paper chromatographic separa- 

Table IV 

Reduction of HNA to 

The additions are as follows 2 /^moles of HNA (specific activity 1 56 X 10® c p m 
per ^finole), 2 /imoles of NA, 300 /imoles of potassium phosphate buffer, pH 7 4, 40 
mg of bacteria Experiment lisa complete system inactivated at zero time by boiling 
for 5 minutes Experiment 2 contained HNA during incubation and NA added 
after inactivation Experiment 3 contained both HNA and NA during incubation 
Final volume = 3 0 ml , temperature = 25°, incubation time = 1 hour Reaction 
started with tipping in of substrates and ended with boiling for 5 minutes 



Experiment I j 

Experiment 2 

Experiment 3 

HNA 

NA 

HNA 

NA 

HNA 

NA 


c p m per 

c p m 

c p m per i 

c p m per 

c p m per 

cp m per 


nmole 

/mole 

nmole 

nmole 

nmole 

nmole 

Specific activity 

1 56 X 10® 

0 


5 56 X 10^ 

6 4 X 10< 

6 3 X 10< 


tion and elution, NA and HNA of Experiment 3, Table IV, were separated 
by an IRA-400 column Fractions 64 to 104 contained NA and Fractions 
151 to 175 contained HNA These were pooled separately, acidified, and 
steam-distilled The specific activity of NA from the column was 6 0 X 
10^ c p m per pmole and of HNA was 61 X 10^ c p m per pmole, values 
which are m agreement with the results obtained previously 

The reaction discussed may be formulated by the followmg equation 

(3) H 2 O -f nicotinic acid ^ 6-hydroxynicotinic acid -f 2H 

Exti action of Hydroxylating Enzyme — A water-soluble extract contain- 
ing the nicotinic acid-hydroxylating enzyme maj’- be prepared by sonic 
disintegiation of the bacteria in 10 volumes of ice-cold 0 03 percent Na 2 S - 
9H20 solution 

These extracts had no activity as measured by the methylene blue reduc- 
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tion test except when cysteine was present Studies of the properties and 
kinetics of the enzymatic reaction are in progress 

DISCUSSION 

The present interest m bydroxyhtion of aromatic and non-aromatic 
rmg compounds stems from the importance of these reactions in the me 
tabohsm of such physiologically important compounds as the steroids, 
tryptophan and tyrosme In most of these, molecular oxygen seems to 
be the source of oxygen m the hydroxyl group This is also true of the 
h 3 ’'dro\ylation of mcotimc acid m Pseudomonas as described by Hughes 
(6) One possible example of anaerobic hydroxylation was indicated by 
the decolorization of methylene blue by a variety of qmnohne derivatives 
by hver enzymes as reported by ICnox (7) Smce the bacteiial hydroxyla- 
tion of NA is an example of an anaerobic hydroxylation of an aromatic 
rmg, the source of oxygen of the hydroxyl group is probably water The 
mechamsm of this reaction no doubt differs from that of the aerobic hy- 
droxylations, although some aspects may be held m common 

The pyridine rmg presents certam special problems It is an aromatic 
structure having resonance stabihty of the same order as benzene, how- 
ever, m terms of reactivity it has been found that the 3, or A position 
has tj^iical aromatic properties but that the 2, 4, and 6 positions have 
anomalous behavior Because of the electron attraction of the mtrogen 
atom the electron density m the 2, 4, and 6 positions is reduced In 
mcotimc acid the situation is enhanced by the presence of the carbovyl 
group Both the mtrogen atom and the carboxyl group mcrease the reac- 
tivity of the 2, 4, and 6 positions with regard to a negatively charged hy- 
droxyl ion 

As an example of this, iV-methylpyridium hydroxide may be oxidized 
by potassium ferncyamde to the iV-methylpyridone This mdicates the 
addition of the hydroxyl group to the 2 carbon of the rmg to form the m- 
termediate iV‘-methyl'2-hydroxy-l,2-dihydropyridme and subsequent de- 
hydrogenation to the pyridone (8) The enzymatic reaction may proceed 
m a similar fashion 

If HNA is an intermediate m the fermentation of NA, it is probable that 
the cleavage of the ring occurs between the carbon m the 6 position an 
the mtrogen group One of the major mechanisms for cleavage of a nng 
of carbon atoms appears to involve, as a first step, the hydroxylation o 
adjacent carbon atoms The formation of the 6-pyridone, however, per 
mits the possibihty of a cleavage between the carbon and mtrogen atoms, 
thus obviatmg the need for further hydroxylation 
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SUMMARY 

The anaerobic bacteria which ferment nicotimc acid to acetic and pro- 
piomc acids, CO 2 , and NHs catalyze the reversible anaerobic oxidation of 
nicotinic acid to 6-hydroxymcotimc acid 
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